SYNTHESIS AND CHARACTERIZATION OF CHROMOPHORES AND SEMICONDUCTING POLYMERS INCORPORATING A 1,4-FLUORENYLENE SCAFFOLD by Laughlin, Brynna
Clemson University
TigerPrints
All Dissertations Dissertations
5-2013
SYNTHESIS AND CHARACTERIZATION OF
CHROMOPHORES AND
SEMICONDUCTING POLYMERS
INCORPORATING A 1,4-FLUORENYLENE
SCAFFOLD
Brynna Laughlin
Clemson University, brynna.j.laughlin@gmail.com
Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Part of the Chemistry Commons
This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation
Laughlin, Brynna, "SYNTHESIS AND CHARACTERIZATION OF CHROMOPHORES AND SEMICONDUCTING
POLYMERS INCORPORATING A 1,4-FLUORENYLENE SCAFFOLD" (2013). All Dissertations. 1110.
https://tigerprints.clemson.edu/all_dissertations/1110
 
 
 
 
 
 
 
 
 
SYNTHESIS AND CHARACTERIZATION OF CHROMOPHORES AND 
SEMICONDUCTING POLYMERS INCORPORATING A  
1,4-FLUORENYLENE SCAFFOLD 
 
 
A Dissertation 
Presented to 
the Graduate School of 
Clemson University 
 
 
In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy 
Chemistry  
 
 
by 
Brynna Jayne Laughlin 
May 2013 
 
 
Accepted by: 
Dr. Rhett C. Smith, Committee Chair 
Dr. R. Karl Dieter 
Dr. Stephen H. Foulger 
Dr. Jason McNeill 
 ii 
ABSTRACT 
 
 
Research on conjugated chromophores and polymers has been a 
lucrative and highly active area for over a quarter-century. These pursuits have 
been driven by the unique properties of conjugated systems that allow their 
application in myriad fields including photonics (e.g. non-linear optics),  and 
especially optoelectronics (e.g. organic light emitting diodes (OLEDs) and 
photovoltaic (PV) cells). Despite the years of dedicated research, there is still 
much work to be done in developing better materials for these types of 
applications. The full range of available molecular architecture and 
functionalization that are yet to be explored is still an untapped well of research.  
To this end, the research presented here aims to explore a particular 
scaffold, a 1,4-fluorenylene unit, as a building block for conjugated systems. This 
research has elucidated novel chromophores and polymers and explored their 
properties so as to better understand the influence of sterics on photophysical 
behavior within conjugated systems, while also improving and devising new 
methods to be able to synthesize chromophores and polymers that can be tuned 
to exhibit certain photophysical or electrochemical behavior.  
A general overview of why conjugated materials are useful in 
optoelectronics, different type of conjugated materials, and some targeted 
applications is presented in Chapter 1. A more detailed study of polymers built on 
a 1,4-fluorenylene unit is presented in Chapters 2 and 3, while Chapter 4 
explores the development of a new polymerization route for PPVs to reduce 
 iii 
incidence of defects in the final polymer. Chapters 5 – 7 include a detailed 
investigation of 1,4-fluorenylene-containing chromophores. Chapter 5 focuses on 
symmetrically substituted 1,4-fluorenylenes, while Chapter 7 describes the 
synthesis and characterization of asymmetrically substituted 1,4-fluorenylene 
units. Chapter 6 demonstrates a new method for asymmetrically substituting 
aromatic compounds using species that contain phosphonate and phosphonium 
groups.  
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CHAPTER ONE 
INTRODUCTION 
 
 The mystery of light has long perplexed and intrigued scientists, and it is 
only within the past century that there has been significant progress in 
understanding light and all its properties. Today we understand that light 
possesses both wave-like and particle-like properties. The wave-like properties of 
light were first explained by Maxwell Planck; however, work done by physicists 
such as Heinrich Hertz, J. J. Thompson, and Phillip Lenard showed the emission 
of electrons from substances as a result of light absorption, a phenomenon now 
known as the photoelectric effect.1 These observations were not consistent with 
observations of light behaving as a wave. In 1905, Albert Einstein published his 
theory on the experiments of the aforementioned scientists and the observations 
of Max Planck, explaining that light is comprised of small packets, called 
photons.1 In 1924, Louis De Broglie proposed his wave-particle duality theory, 
whereby he put forth the idea that all matter, including light, possesses 
characteristics of particles and also the properties ascribe to waves, thus uniting 
the two different observed types of behaviors.2 Radiative processes such as 
fluorescence and phosphorescence, which have long been observed and 
studied, were finally explainable because it is particle-like behavior, not wave-like 
behavior, that accounts for the photochemical processes observed. Now these 
2 
phenomena are more clearly understood, and are a key feature of many organic 
-conjugated chromophores and polymers.  
Both the radiative and the nonradiative pathways that an excited molecule 
can take can be explained by using a Jablonski diagram (Figure 1.1). When a 
photon is absorbed, the molecule reaches an excited electronic state (e.g., S1) 
from the ground electronic state (S0). Within each electronic state, there are 
many levels to which the molecule can be excited. Internal conversion is a 
nonradiative process whereby the molecule relaxes to the ground vibrational 
level in the excited electronic state. The most common pathway for the molecule 
after that is the relaxation back to the ground electronic state via a variety of 
 
Figure 1.1.  Jablonski diagram illustrating radiative and non-radiative processes by which 
excited molecules may relax. 
 
3 
nonradiative processes. For many organic molecules with conjugated or rigid 
structures, a more common relaxation pathway from the excited state to the 
ground electronic state is a process known as fluorescence, where energy is 
released in the form of a proton. Fluorescence is not as common as nonradiative 
decay, and even less common still is the process of phosphorescence. In 
phosphorescence, once a molecule is in an excited electronic state, it can 
undergo a “spin-forbidden” transition to a triplet excited state (intersystem 
crossing). Phosphorescence is observed when the molecule emits a photon as it 
returns to the singlet ground electronic state from that excited triplet state, 
another spin forbidden transition, which is why phosphorescence is the least 
common relaxation pathway.  
 In addition to these considerations, the rigidity of molecules has an effect 
on their absorption and photoluminescence profiles. According to the Franck-
Condon principle, the electronic transitions in a molecule occur faster than the 
nuclei can respond. The more rigid the molecule, the less the nuclei in the 
molecule will move.2 By looking at the Morse potential diagrams for more and 
less rigid molecules, this principle can be understood in relation to spectroscopy. 
(Figure 1.2). The difference between the absorption and the photoluminescence 
(PL) of a molecule is known as the Stokes’ shift. For more rigid molecules, the 
Stokes’ shift is small, while for less rigid molecules, the Stokes’ shift is larger, 
since there is a greater change in the internuclear distance, and therefore energy 
of the excited photon. Thus, the photophysical properties of a molecule can give 
4 
insight into the structure and rigidity of a molecule. Fluorescent and 
phosphorescent molecules are of great interest in current work because they can 
be employed in light emitting devices (LEDs).  
 Pi-conjugated systems are of interest in large part due to their conductive 
nature as a result of the delocalization of electrons in the conjugated system. In 
recent years, some of the most studied materials for use in LEDs have been 
conjugated polymers (CPs). In 1977, polyacetylene doped with a halogen (Cl, Br, 
or I), (CH2)n, was revealed as the first organic polymer capable of conductivity 
 
 
Figure 1.2. Morse potential diagrams of more rigid (A) and less rigid (B) molecules. 
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similar to that of metallic compounds.3,4 This research marked the beginning of 
the quest to understand how CPs work and how new polymers may be rationally 
designed to exhibit high conductivity. By the 1990s, research groups had 
expanded from polyacetylene to new polymers such as polythiophene, 
polypyrrole, and poly(p-phenylenevinylene) (Figure 1.3).5 In 1990, it was reported 
that a device incorporating poly(p-phenylenevinylene) (PPV) was 
electroluminescent (i.e. emitted light) when a current was run across the system.6 
This revolutionized the study of CPs because efforts were then made to design 
polymers like PPV for use in devices like LEDs, which require emission of light.7 
Since then, research in this area has become an extremely popular and 
important field; in 2000, the Nobel Prize in Chemistry was awarded to three 
pioneers, A. Heeger, H. Shirakawa, and A. MacDiarmid who played a large role 
in developing organic electronics.8-10 Despite the large potential for application of 
these materials in optoelectronics, a problem that limits the commercial potential 
of organic CPs is synthetic defects that occur as a result of the synthetic route to 
obtain monomers, the polymerization technique, or a combination of both.  
 
 
Figure 1.3. Common types of-conjugated polymers.
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-Conjugated Polymers 
One of the prominent classes of conjugated polymers for research and 
device application is PPV.7 As one of the first polymers studied because of its 
electroluminescent and fluorescent properties, PPV and its derivatives have been 
widely studied.5 There are several routes that can be used to prepare PPV and 
its derivatives, including more common routes such as the Gilch, Wessling, and 
Vanderzande routes, among others.11 Typically PPV is not studied and used 
unless it is a substituted PPV because PPV is extremely insoluble and is not 
easily processed. Substituents on PPV improve its solubility and processability, 
which is important since thin-layer PPV films are useful for device 
applications.5,7,12    
 Another class of conjugated polymers that is of great interest is 
polyfluorene (PF) derivatives, which are assembled from repeat units built on 
fluorene (Fig. 1.4). Polyfluorenes are strong candidates for blue emitters, 
because they emit at around 450 nm.5 Like PPVs, the most studied polyfluorene 
derivatives are those modified with solubilizing substituents. Substituted 
poly(fluorenylene vinylene)s take advantage of both polyfluorene and PPV 
 
 
 
Figure 1.4. Structure of a fluorene unit and a substituted polyfluorene.
 
7 
properties and can be prepared for tuning polymeric properties, and these hybrid 
constructs often show improved processability and photophysical properties for 
further applications.5,7,13,14 Commonly studied are the poly(2,7-fluorene) type 
polymers while other types of incorporation of the fluorene unit in chromophores 
and polymers has remained largely unstudied. 
Applications 
Conjugated polymers exhibit semiconducting behavior because of their 
electronic structure. The conjugated bonds create delocalized bands. These 
bands allow for the electrons within the material to flow through the delocalized 
bands, analogous to the valence band in a classic semiconductor, creating a 
semiconducting material. The advantage of organic conjugated materials for use 
as semiconductors is that through design and tuning, polymers can be 
synthesized for improved processability or different band gap energy, the energy 
between the HOMO and LUMO levels of a molecule. An example of this is seen 
in PPV (Figure 1.5). Nonsubstituted PPV (Figure 1.5a) has a band gap of about 
2.5 eV, but it is insoluble in most organic solvents. By substituting alkyl chains on 
 
 
Figure 1.5. PPV and common examples of PPV derivatives.
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the benzene ring, new PPV derivatives are more soluble, yet retain a band gap 
similar to that of PPV (e.g. Figure 1.5b). Although not much data exists for alkyl-
substituted PPVs, one group studied the effects of alkyl sidechains, and it has 
been determined that these do not greatly influence electronic density.15,16 
Alternatively, processible 2,5-dialkoxy PPV derivatives such as poly[2-methoxy-
5-(2’-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV) have different band gap 
energies than PPV (2.1 eV for MEH-PPV),17 by virtue of the strong electron 
donation of the alkoxy substituents (Figure 1.5c).12  By understanding the 
electronic features of CPs, tuning of polymers for specific applications becomes 
possible. 
 Band gap can be described in two ways. In discussion of conductors, 
semi-conductors, and insulators, the band gap is described as the energy 
 
Figure 1.6.  A schematic showing the different representaions of the two energy levels in 
semiconducting material (a) and the HOMO and LUMO versus the vacuum level (b). 
a) 
 
 
 
 
 
 
b) 
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difference between the valence band and the conductance band (Figure 1.6a). 
The highest energy band that contains the electrons is the valence band and the 
next highest empty energy band is the conductance band. In a conducting 
material, the two bands are next to each other, so electrons in the valence band 
and the holes in the conductance band can freely flow through the material. In a 
semi-conductor, there is a band gap, which prevents some electron movement, 
but the gap is not so large that the electrons cannot move to the conductance 
band to pair with the holes.18 Another way the two bands and the energy 
difference in between can be understood is through molecular orbital theory 
language (Figure 1.6b). The valence band is conceptually related to the highest 
occupied molecular orbital (HOMO) because it is the highest energy level where 
there are electrons. The conductance band is likewise conceptually similar to the 
lowest unoccupied molecular orbital (LUMO). The energy of the HOMO versus 
the vacuum level is the ionization energy of the species and the energy of the 
LUMO versus the vacuum level is the electron affinity energy. Thus the band gap 
can be calculated as the difference between the ionization energy and the 
electron affinity energy.  
Photovoltaic cells, (PVs), are another promising application for CPs. PVs 
use sunlight to create a source of electrical current. In the quest to find a cleaner 
and sustainable energy source, it has been found that harvesting and using solar 
energy could provide the long-sought solution to the problem of nonrenewable 
resources and resulting environmental and economic problems. A solar cell is 
10 
essentially a type of diode that includes a semiconducting material that is 
capable of producing an electrical current. A diode is simply any device that has 
preferential flow of current in only one direction. Though solar cells can be 
constructed in different ways, the presence of electron donors and acceptors 
within the semiconducting material is found in any solar cell. When electrons 
from the donors transfer to the holes in the acceptor material, it is called an 
electron-hole pair. A cell will also have an anode and cathode because as the 
electron-hole pairs are formed by excitation from incoming photons from the sun, 
they separate and move toward the oppositely charged electrode creating a 
current.19 In organic solar cells, free electron-hole pairs are not directly formed 
from photon absorption; instead, an exciton is formed, which can be considered 
as a bound electron-hole pair, but is more properly described as a mobile excited 
state.20 In an excitonic solar cell, the electron-hole pairs do not dissociate as they 
 
 
Figure 1.7.  Simple schematic of how an exciton solar cell works; figure adapted from 
Thompson and Frechet.
20 
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would in a typical inorganic device. Instead, a solar cell made from materials 
such as conjugated polymers work differently. Figure 1.7 shows the schematic of 
an excitonic solar cell. It can be seen that there is a donor species, which 
absorbs a photon, leaving the donor species in an excited state. The excitons 
diffuse, then are transferred to an acceptor material. This leaves the donor 
species with a radical cation and the acceptor species with a radical anion. 
These anions and cations then undergo charge transport when a voltage is 
applied across the device, which produces the current that can be used to do 
work.21 
Another major area of application for conjugated chromophores and, to a 
smaller extent, polymers is in the field of nonlinear optics, and several reviews 
have been published on the progress of development of organic chromophores 
for NLO applications.22,23 Organic materials are an attractive class of materials 
for these types of applications due to features such as structural flexibility, 
processability, high NLO susceptibility, and fast response time, to name a few.23 
Applications of NLO materials are wide-ranging in photonics, but include optical 
switching, frequency conversion, optical communications, laser medicine, 
sensing, and imaging.24,25  
Nonlinear optical properties in organic molecules result from the 
interaction of electromagnetic fields that then produce new fields but with altered 
properties, such as phase or frequency; one example of a NLO process is 
second harmonic generation.23 For molecules to exhibit nonlinear optical 
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properties, there are some key characteristics a chromophore must possess. 
One feature that many organic molecules possess, which make them good 
candidates for NLO study is their high polarizability (i.e. the ability to distort the 
electron density of a system). It has been shown that there is a dependence on 
the dipole moment of the molecule (e.g. the difference between donor and 
acceptor group strengths) and the difference between dipole moments of the 
ground and excited states.22 Another important feature is a well-defined 
arrangement in space and a particular orientation of the chromophores; for 
example, for a material to exhibit SHG, a non-centrosymmetrically crystallized 
structure is critical. The hyperpolarizability of a molecule, a measurement that 
quantifies the extent of nonlinear behavior, cannot be present in a material that is 
in a centrosymmetric arrangement.26,27   
Some of the more promising chromophores and materials for exhibiting 
NLO are -conjugated chromophores substituted with a donor and acceptor 
group. This introduces asymmetry to the molecule, along with the ability to 
undergo intramolecular charge transfer, which leads to higher 
hyperpolarizabilities.26,27 Extension of chromophore design has led to interest in 
developing polymers that also exhibit nonlinear behavior.23  
 Current efforts involve continuation of developing new chromophores and 
designing polymers with both improved nonlinear optical properties and other 
improved properties such as stability/integrity of the material upon exposure to 
thermal stress (i.e. thermal stability) and chemical stability. These other 
13 
parameters are important along with NLO properties because these can also 
affect efficiency and performance of the materials in applications.27 As with the 
development of materials for any photonics applications, additional work in the 
field is needed in order to make organic nonlinear materials relevant in NLO 
material design. 
 
 
Present Work 
 The research addresses the ongoing need for novel and improved 
materials for photonics applications. The research herein presented can be 
divided into two broad areas; developing novel molecules and polymers for 
applications in photonics and the development of new routes and improved 
methodology to synthesize conjugated polymers and chromophores especially 
with lower incidence of defects that are deleterious to their performance in 
devices  
 Chapters 2 – 3 describe the synthesis of copolymers incorporating 9,9-
dialkyl-1,4-fluorenylene units that were made via a route to eliminate monoalkyl 
defects. 
Chapeter 4 describes the development of a new route to PPV derivatives 
using a debromination-chain polymerization-debromination sequence to 
circumvent the occurrence of defects common in other current routes.  
Chapters 5 – 7  describe incorporation of the 1,4-fluorenylene scaffold in 
chromophores including: the synthesis of 1,4-fluorenelyne chromophores 
symmetrically-substituted with a range of donor or acceptor functional groups 
(Chapter 5), the development of a new strategy for the synthesis of aromatic 
molecules that can be asymmetrically substituted (Chapter 6), and the 
subsequent synthesis of a series of 1,4-fluorenylene chromophores that are 
asymmetrically substituted with a range of donor and acceptor molecules 
(Chapter 7). 
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CHAPTER TWO 
GILCH AND HORNER-WITTIG ROUTES TO POLY(P-PHENYLENE 
VINYLENE) DERIVATIVES INCORPORATING MONOALKYL DEFECT-FREE 
9,9-DIALKYL-1,4-FLUORENYLENE UNITS¥ 
  
Introduction 
The awarding of the year 2000 Nobel Prize in Chemistry to Heeger, 
Macdiarmid, and Shirakawa1-3 for their work with -conjugated polymers (CPs) 
foreshadowed an exponential growth in both interest and application of these 
extraordinary materials. One of the most fascinating and well-explored 
applications of CPs is their use as active components of thin film solar cells  
(photovoltaics) and electroluminescent devices. The Herculean task of reviewing  
 
¥
Reprinted (adapted) with permission from Laughlin, B. J.; Smith, R. C. Macromolecules 2010, 43, 3744. Copyright 2010 
American Chemical Society.
 
 
 
Chart 2.1 Some phenylene- and fluorene-containing -conjugated polymers. 
A 
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CP electroluminescence has been tackled in a remarkable treatise published last 
year,4 and several well-written and instructive reviews on organic photovoltaics 
have also appeared over the past several years.5, 6 
In the quest to fulfill the potential of CPs, the genesis of novel monomer 
classes for incorporation into CPs has become a hotly pursued avenue for 
accessing new absorption / emission profiles or desirable nano/molecular level 
organization of semiconducting polymers in the solid state. An exemplary 
manifestation of the success of synthesis-based approaches has been the 
modification of poly(p-phenylene) (PPP) derivatives to yield polyfluorenes, 
poly(indenofluorenes), and ladder-type polymers (Chart 2.1) that feature 
improved optical and electronic features versus analogous PPP progenitors.7 
Polyfluorene derivatives are currently premier candidates for organic blue 
emitters in polymer light emitting diodes (PLEDs) and related display 
technologies. Facile dialkylation of the 9-position of the fluorene subunit also 
allows access to monomers that endow their composite polymers with admirable 
solubility and ready solution processability.  
 
 
 
Scheme 2.1. The general route to closing the ring for a fluorene. 
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 One of the drawbacks of polyfluorene derivatives is their susceptibility to 
oxidative defect formation at rogue monoalkylated fluorene units. Several 
strategies have been devised to alleviate this deficiency and thus improve the 
operation lifetime and color fidelity of blue-emissive materials.8-15 Of particular 
importance with respect to the current study is the approach delineated by 
Holmes, et al. involving simultaneous incorporation of both alkyl units into the 
fluorene moiety via the novel ring-closing route shown in Scheme 2.1.16 We were 
drawn to the versatility of this strategy as an inpath to fluorene rings with a 
variety of substitution patterns. We envisioned that this route could be used to 
prepare monomers for incorporation as luminescent and solubilizing subunits of 
semiconducting polymers at attachment points other than the 2,7-substitution 
pattern prevalent in current polyfluorene derivatives (i.e., Chart 2.1). Despite the 
extensive interest in fluorene-based materials, there have been very few reports 
on chromophoric oligomers17 or polymers18-20 with attachment geometries other 
than the 2- and 7- sites of the fluorene subunit. In selecting targets for the current 
investigation, we wanted to incorporate fluorene units into CPs in a way that 
minimizes the incidence of monoalkyl defects or defects resulting from the 
polymerization protocol.  
Horner-Wittig condensation is a route that has proven especially well 
suited to the preparation of low-defect CPs, including poly(fluorenylene vinylene) 
derivatives (Chart 2.1).12 Another popular approach for preparing poly(p-
phenylene vinylene) (PPV) derivatives is the Gilch route.21 The Gilch route is 
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well-suited for preparation of high molecular weight polymers, though several 
well-known types of defects are imparted to polymers prepared by this route. 
Fluorene derivatives that could be readily transformed to appropriate monomers, 
namely bis(bromomethyl)arylenes (Gilch) and 
bis(diethylphosphonomethyl)arylenes (Horner-Wittig), were thus targeted. The 
first fluorene derivative needed for the preparation of the target monomer was 
1,4-dimethylfluorene. Although polymers with 9,9-diaryl-2-alkoxy-1,4-fluorenylene 
subunits (i.e., A, Chart 2.1) have been reported, it is surprising that no polymers 
incorporating simple 9,9-dialkyl-1,4-dimethylfluorenylene units appear to have 
been reported to date. In the current work, we report the preparation of a 9,9-
dialkyl-1,4-dimethylfluorene, and its conversion to monomers for Horner-Wittig 
and Gilch polymerization. Using these two methodologies, we have prepared two 
novel luminescent polymers incorporating 9,9-dihexylfluorene units inserted into 
the -conjugated backbone via attachment at the 1- and 4-positions, and have 
subsequently examined their photophysical properties and thermal stability in 
solution and in the solid state. 
 
Experimental 
Reagents and General Methods 
 Reagents were obtained from Aldrich Chemical Co. (n-butyllithium), TCI 
America (o-bromofluorobenzene), Acros (Mg turnings and iodine) or Alfa Aesar 
(2-bromo-p-xylene, triethylphosphite, N-bromosuccinimide and potassium tert-
21 
butoxide) and used without further purification. Solvents were purchased from 
Fisher Scientific and purified by passage through alumina columns under a dry 
N2 atmosphere employing an MBraun solvent purification system. Air sensitive 
operations were carried out in an MBraun dry box or using standard Schlenk line 
techniques under N2. NMR spectra were obtained using a Bruker Avance 300 
spectrometer operating at 300 MHz for protons, 75 MHz for carbon-13, and 121.5 
MHz for phosphorus-31. All spectra were collected at 25 °C and referenced to 
TMS or residual solvent signals (CHCl3 = 7.25 ppm). 
Gel permeation chromatography (GPC) data were collected using 
polystyrene as a standard (Polymer Labs Easical PS-2) on a Waters 2695 
Alliance System with UV-vis detection for samples in CHCl3 or a Waters 515 
HPLC pump coupled with a Waters 2414 refractive index detector for samples in 
THF. GPC samples were eluted in series through Polymer Labs PLGel 5 mm 
Mixed-D and Mixed-E columns at 35 °C. Thermal gravimetric analysis (TGA) 
were performed on a TA Hi-Res TGA2950 instrument. Elemental analyses were 
performed by Atlantic Microlabs, and high-resolution mass spectrometry was 
done at the University of Illinois-Urbana Champaign or at the Clemson University 
departmental facility. 
Preparation of 2-(p-xylyl) magnesium bromide 
Magnesium (6.57 g, 270 mmol) was stirred for 17 h under nitrogen at 
200 °C to activate it for use. The magnesium-containing flask was cooled to room 
temperature, then to 0 °C in an ice bath. In the dry box, THF (135 mL) was added 
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to 2-bromo-p-xylene (25.0 g, 135 mmol). To the magnesium, the 2-bromo-p-
xylene solution was added slowly via cannula over about 30 min. The resultant 
brown solution was allowed to warm to room temperature and stirred for 1 h after 
addition was complete prior to its use in the preparation of 1. 
Preparation of iodo-1,4-dimethylbiphenyl (1) 
In the dry box, THF (~100 mL) was added to o-bromofluorobenzene (19.6 
g, 112 mmol). Under nitrogen, the solution was cooled to –78 °C via a dry 
ice/acetone bath. To the solution, n-butyllithium (49.2 mL of a 2.5 M solution in 
hexane, 123 mmol), was slowly added via syringe. The solution was than stirred 
for 1 h at –78 °C. The Grignard reagent solution (freshly prepared as described 
above) was then slowly added via cannula while the bath was maintained at a 
temperature of –78 °C. The solution was allowed to warm to room temperature, 
then stirred for 16 h under nitrogen. The solution was cooled to 0 °C in an ice 
bath and an excess of iodine (30.6 g, 241 mmol) was slowly added as a solid 
under positive nitrogen pressure. Once the brown iodine color persisted, the 
solution was stirred under nitrogen for 30 min. The solution was then opened to 
air and saturated Na2SO3 (aq) was added and mixed thoroughly to reduce the 
iodine until the brown color subsided to yield a yellow solution. The reaction 
mixture was extracted with ether once and washed three times with water and 
once with 3% HCl (aq). The organic layers were collected, dried over Na2SO4, 
and all volatiles were removed under reduced pressure, yielding a yellow oil. The 
oil was further purified by vacuum distillation to yield 16.8 g of 1 as a pale yellow 
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oil (48.7%). 1H NMR (CDCl3, 300 MHz): δ = 2.06 (s, 3H), 2.37 (s, 3H), 6.91 (s, 
1H), 7.06 (dd, 1H; J1 = 7.5 Hz, J2 = 9.0 Hz ), 7.15 – 7.24 (m, 3H), 7.40 (dt, 1H; J1 
= 3 Hz, J2 = 7.5 Hz) 7.95 (dd, 1H; J1 = 3 Hz, J2 = 6 Hz ).  
13C NMR (CDCl3, 75 
MHz): δ = 19.8, 21.3, 100.4, 128.2, 128.8, 130.0, 132.6, 135.0, 139.0, 144.4, 
147.2. HRMS calculated for C14H13I (M+H)
+: 308.0062, found: 308.0064. 
Preparation of 7-(2',5'-dimethylbiphenyl-2-yl)tridecan-7-ol (2) 
Via syringe, n-butyllithium (7.00 mL, 17.6 mmol; 2.5 M in hexanes) was 
slowly added to a solution of 1 (5.00 g, 16.2 mmol) and anhydrous THF (150 mL) 
under nitrogen at –78 °C. The solution was allowed to stir under nitrogen at –
78 °C for 1 h. To the reaction mixture, a solution of 7-tridecanone (2.92 g, 14.7 
mmol) in THF (50 mL) was added via cannula. The solution was allowed to 
slowly warm to room temperature while stirring for 7 h. The solution was 
quenched with an aqueous ammonium chloride solution (10%, 40 mL) and stirred 
at room temperature for 20 min. The reaction mixture was added to 
dichloromethane (100 mL) and water (100 mL). The organic layer was collected 
and the solvent was removed under reduced pressure to yield a colorless oil. A 
white solid in the oil, presumably ammonium chloride, was filtered out and 
discarded. The product was vacuum dried for 2.5 h to yield 5.92 g of a crude oil 
that was used in the next step without further purification. The proton NMR 
spectral data are provided for a sample that was 90-95% pure: 1H NMR (CDCl3, 
300 MHz): δ = 0.87 (virtual triplet, 6H), 1.0-1.4 (br m, 16H), 1.55-1.70 (br m, 4H), 
2.06 (s, 3H), 2.33 (s, 3H), 6.93-7.00 (m, 2H), 7.08 (d, 1H, J = 6 Hz), 7.16 (d, 1H, 
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J = 8 Hz), 7.23 (dd, 1H, JX = 8 Hz, JX’ = 8 Hz), 7.33 (dd, 1H, JX = 8 Hz, JX’ = 8 
Hz), 7.42 (d, 1H, J = 8 Hz). 
Preparation of 9,9-dihexyl-2,5-dimethyl fluorene (3) 
Dichloromethane (100 mL) was added to 2 (4.78 g, 12.5 mmol) and stirred 
under nitrogen. To the solution, boron trifluoride diethyl etherate (1.6 mL, 12 
mmol) was slowly added and the resultant brown solution was stirred under 
nitrogen at room temperature for 17 h. To the reaction mixture, methanol (5 mL) 
was added to quench the reaction. The methanol and dichloromethane were 
removed under reduced pressure to yield a brown liquid. The compound was 
further purified by column chromatography on silica eluting with hexanes. The 
target had an Rf of 0.55 on a silica TLC plate eluting with hexanes. A total of 1.74 
g (38.4 %) of a white crystalline solid was isolated after chromatography. mp 45-
47 °C. 1H NMR (CDCl3, 300 MHz): δ = 0.42 - 0.56 (m, 4H), 0.77 (t, 6H; J = 6 Hz), 
0.98 – 1.15 (m, 12H), 1.30 (s, 1H), 1.97 (td, 2H; J1 = 4.5 Hz, J2 = 10.5 Hz), 2.30 
(td, 2H; J1 = 4.5 Hz, J2 = 10.5 Hz), 2.47 (s, 3H), 2.69 (s, 3H), 6.94 (d, 1H; J = 7.5 
Hz), 7.03 (d, 1H; J = 7.5 Hz) 7.32 – 7.37 (m, 3H), 7.84 – 7.86 (d, 1H; J = 6 Hz). 
13C NMR (CDCl3, 75 MHz): δ = 14.0, 19.0, 21.2, 22.6, 23.5, 29.7, 31.4, 38.6, 
56.0, 121.8, 122.6, 126.2, 126.5, 129.2, 129.4, 130.2, 131.4, 139.7, 142.4, 147.0, 
151.7. Anal. Calc. for C27H38: C, 89.44; H, 10.56; N, 0.00. Found: C, 89.27; H, 
10.59; N, 0.00. 
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Preparation of 1,4-bis(bromomethyl)-9,9-dihexylfluorene (4) 
To a solution of 3 (0.656 g, 1.81 mmol) in carbon tetrachloride (12 mL), N-
bromosuccinimide (0.806 g, 4.53 mmol) and benzoyl peroxide ( 0.100 g, 0.413 
mmol) were added. The reaction mixture was heated to reflux under nitrogen for 
22 h. The succinimide produced in the course of reaction was removed by 
filtration. Aqueous Na2SO3 (~15 mL) was added to the filtrate. The solution was 
stirred vigorously to reduce excess bromine. the solution was extracted with 
chloroform (15 mL) and was washed with water (3 × 20 mL). The organic layer 
was collected and dried with Na2SO4. All volatiles were removed under reduced 
pressure. The compound was further purified by column chromatography on 
silica eluting with hexanes (Rf = 0.27). The yield after column purification was 
0.224 g (26.6 %) of a yellow oil. 1H NMR (CDCl3, 300 MHz): δ = 0.38 – 0.41(m, 
2H), 0.52 – 0.56 (m, 2H), 0.76 (t, 7.5 Hz), 0.97 – 1.13 (m, 12 H), 2.07 (td, 2H; J1 = 
4.5 Hz, J2 = 12.8 Hz), 2.27 (td, 2H; J1 = 4.5 Hz, J2 = 12.8 Hz), 4.76 (s, 2H), 4.90 
(s, 2H), 7.32 – 7.45 (m, 5H), 7.95 – 7.98 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ = 
14.01, 22.6, 23.5, 25.3, 29.4, 31.4, 32.6, 40.2, 56.5, 122.0, 123.8, 127.3, 127.7, 
130.4, 130.4, 132.2, 134.5, 140.0, 140.5, 148.1, 151.7. HRMS (M+1)+ calc’d for 
C27H37Br2: 519.1262, found: 519.1256.  
Preparation of 1,4-bis(diethylphosphonomethyl)-9,9-dihexylfluorene (5) 
To 4 (0.240 g, 0.461 mmol), triethylphosphite (0.385 g, 2.31 mmol) was 
added. The reaction mixture was heated at 115 °C under nitrogen for 3 h. Excess 
triethylphosphite was removed by vacuum distillation at 110 °C for 3 h. Yield of 
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0.251 g (85.7%) of 5 as a pale yellow-green oil. 1H NMR (CDCl3, 300 MHz): δ = 
0.36 – 0.55 (m, 4H), 0.76 (t, 6H; J = 7.5 Hz), 0.93-1.15 (m, 8H), 1.30 (t, 6H; J =7.5 
Hz), 2.01 (td, 2H; J1 = 4.5 Hz J2 = 12.8 Hz), 2.24 (td, 2H; J1 = 4.5 Hz J2 = 12.8 
Hz), 3.44 (d, 2H; JP-H = 21 Hz), 3.68 (d, 2H; JP-H = 21 Hz), 3.87 – 4.19 (m, 8H), 
7.25 – 7.37 (m, overlaps CHCl3, presumed to be 4H), 7.4 (d, 1H, (d, 2H; J = 4.5 
Hz), 7.92 – 7.95 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ = 13.9, 16.2 (dC-P, J = 6 
Hz), 16.4 (dC-P, J = 5.2 Hz), 22.5, 23.5, 28.8 (dC-P, J = 140.2 Hz), 29.4, 31.4, 31.8 
(dC-P, J = 138.0 Hz), 39.8, 55.7, 62.0 (dPC, J = 3.75 Hz), 62.1 (dPC, J = 3.75 Hz), 
121.6, 123.0, 125.0 (dd, J1 = 2.6 Hz J2 = 9.8 Hz), 126.6, 126.9 (d, J = 3.75 Hz), 
127.0, 128.6 – 128.7 (m), 130.8 – 130.8 (m), 140.5, 140.7 (d, J = 6.75 Hz), 147.5 
(dd, J1 = 2.6 Hz J2 = 9.8 Hz), 151.6. 
31P NMR (CDCl3, 121.5 MHz): δ = 26.4, 27.9. 
HRMS (M+1)+ calc’d for C35H57O6P2: 635.3630, found: 635.3627.  
Preparation of P1 via Horner-Wittig Condensation 
In the dry box, 6 (0.132 g, 0.395 mmol) was added to 5 (0.251 g, 0.395 
mmol) in THF (15 mL) and stirred in a pressure tube. A solution of potassium 
tert-butoxide in THF (20 mL) was added drop-wise to the reaction mixture. The 
solution turned very dark green as more KOtBu was added, an indication of ylide 
formation. The reaction mixture was sealed with a Teflon screwcap and removed 
from the dry box and stirred at room temperature for 21 h. The reaction mixture 
was extracted with ether (35 mL) and washed with water (3 × 70 mL). The water 
layer was washed with dichloromethane (1 × 100 mL). The combined organic 
layers were collected and all volatiles were removed under reduced pressure to 
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yield a red translucent solid. The solid was then dissolved in CH2Cl2 (4 mL) and 
precipitated by dropwise addition to methanol (20 mL) to yield a bright orange 
solid. The solid was collected by filtration, then dried in vacuo at 50 °C for 1 h to 
yield 0.135 g (51.7%) of P1. 1H NMR (CDCl3, 300 MHz): δ =  0.08 – 2.43 (m, 
48H), 3.85 – 4.17 (m, 4H), 6.82 – 8.08 (m, 12H), 10.05 (end group aldehyde, 
0.12H). 
Preparation of P2 via the Gilch route 
In the dry box, a solution of potassium tert-butoxide (0.216 g, 1.92 mmol) 
in THF (15 mL) was added to a solution of 4 (0.251 g, 0.481 mmol) in THF (20 
mL). The reaction mixture was stirred in the dry box for 20 h. The solution was 
extracted with CH2Cl2 (35 mL) and washed with water (3 × 70 mL). The product 
in the water layer was then extracted with additional CH2Cl2. All organic layers 
were collected and the solvent was removed under reduced pressure to yield a 
dark yellow solid. The solid was dissolved in CH2Cl2 (4 mL) and added by pipette 
to methanol (20 mL). A bright yellow solid precipitated and was collected by 
filtration. The solid was dried on vacuum in an oil bath at 50 °C for 1 h to yield 
0.072 g (41%). 1H NMR (CDCl3, 300 MHz): δ =  0.72 – 2.49 (m, 26H), 6.10 – 
7.91 (m, 8H).  
General Spectroscopic Methods. 
Photoluminescence (PL) spectra were acquired on a Varian Cary Eclipse 
fluorescence spectrophotometer. Absorption spectra were recorded on a Varian 
Cary 50 Bio absorption spectrophotometer. Samples for all absorbance and PL 
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spectra used tetrahydrofuran (THF) as solvent in Spectrosil quartz cuvettes 
having a path length of 1 cm. Initial solutions for PL analysis were filtered prior to 
analysis. The THF solvent for all optical measurements was purified and made 
anhydrous/anaerobic by passage through alumina columns under a N2 
atmosphere employing an MBraun solvent purification system. 
Photoluminescence quantum yields were measured relative to quinine bisulfate 
( = 0.564) in 0.1 N aqueous sulfuric acid.22 Polymer concentrations are reported 
as moles of repeat unit per L. 
 
Results and Discussion 
Monomer Synthesis and Characterization 
The synthetic approaches to the Gilch (4) and Horner-Wittig (5) monomers 
are summarized in Scheme 2.2. The preparation of requisite biaryl 1 was carried 
 
 
Scheme 2.2. Route to monomers; i) a.1.1 equiv n-butyllithium, b. 1.2 equiv 2-(p-xylyl) 
magnesium bromide, c. I2; ii) a. 1.2 equiv n-butyllithium, b. 1 equiv 7-tridecanone; iii) 1 equiv 
boron trifluoride diethyl etherate; iv) 2.5 equiv N-bromosuccinimide, benzoyl peroxide; v) 5 
equiv triethyl phosphite 
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out via a convenient one pot procedure from 2-fluorobromobenzene through a 
sequence involving a benzyne intermediate.23 This route yielded 1 as a slightly 
yellow oil in 48.7% yield after purification by vacuum distillation on a relatively 
large (ca. 16 g per batch). Once biaryl 1 was in hand, its conversion to the 
fluorene derivative was carried out following the Holmes route shown in Scheme 
2.1.16 Metal halogen exchange of 1 with n-butyllithium followed by reaction with 
7-tridecanone and acid workup afforded technical grade (ca. 90% pure) 2 in 
essentially quantitative yield. Although this material was found to be pure enough 
for use in the subsequent step after simply drying in vacuo, an analytically pure 
sample was also obtained after purification by column chromatography on silica. 
Ring closing of technical grade 2 using BF3 diethyl etherate yielded 3 as an 
analytically pure low-melting (m.p. = 47 °C) white solid in 38.4% yield after 
purification. Benzylic bromination of the two methyl groups lead to Gilch 
monomer 4 (26.6%) as a viscous oil. Interestingly, only resonances attributable 
to –CH2Br functionalities were observed in the 
1H NMR spectrum of crude 
reaction aliquots of 4, with no sign of resonances for –CHBr2 units (a result of 
undesired overbromination that typically leads to side products in two-site 
benzylic brominations) observed even when an excess of N-bromosuccinimide 
was employed. This advantageous behavior likely derives from the steric 
hindrance about the methyl groups at 1- and 4-positions, and the 
conformationally locked nature of the ring system. Gilch monomer 4 was readily 
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converted to Horner-Wittig monomer 5 in high yield by a Michaelis-Arbuzov 
reaction with triethylphosphite.     
Polymer Synthesis and Characterization 
 The synthetic approaches for polymer preparation via Horner-Wittig and 
Gilch routes are summarized in Scheme 2.3. The preparation of P1 was carried 
out by slow addition of potassium tert-butoxide to a solution of Horner-Wittig 
monomers 5 and 6 in THF. After extraction and precipitation in methanol, the 
polymer was collected as a bright orange solid in 51.7 % yield. The polymer is 
highly soluble in common organic solvents such as dichloromethane, chloroform, 
THF, hexanes, toluene and acetone. P1 is highly fluorescent upon irradiation with 
a handheld UV lamp (max = 365 nm) in both solution and solid state, and its 
photophysical properties are summarized in Table 2.1. P1 readily forms high 
 
 
Scheme 2.3. Route to P1 using Horner-Witting monomers and route to P2 using Gilch 
monomers. 
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quality, transparent orange films upon drop casting from dichloromethane 
solution at room temperature. The Mn of 11,000 Da reflects an average degree of 
polymerization of 16.6, and the polydispersity index (PDI) of 2.06 is only slightly 
higher than the theoretical value of 2.0 expected for a condensation 
polymerization. 
 P2 was easily synthesized using the Gilch monomer 4 by addition of 
potassium tert-butoxide under an inert atmosphere in anhydrous degasses THF. 
After extraction and precipitation in methanol, the polymer collected was a bright 
yellow solid in 41.2 % yield. The polymer was found to be less soluble than P1 in 
common organic solvents, but is somewhat soluble in dichloromethane and 
toluene and completely soluble in chlorobenzene. Visually, P2 is bright yellow 
solid that is highly fluorescent upon irradiation with a handheld UV lamp (max = 
365 nm) in both solution and solid state. When drop cast from dichloromethane 
solution, P2 forms somewhat cloudy yellow films that are visibly heterogeneous. 
Drop casting from chlorobenzene solution, however, produced transparent, bright 
yellow films that proved homogeneous in spectroscopic studies discussed below. 
The photophysical properties of P2 are summarized in Table 1 and discussed in 
the following section. P2 has an Mn of 17,900 Da, corresponding to a 
substantially higher average degree of polymerization (49.9) than that of P1 
prepared via the Horner-Wittig reaction, though the PDI (2.91) is slightly higher.  
The thermal stability of the polymers was determined to be quite good by 
thermogravimetric analysis (TGA), which revealed that the decomposition 
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temperatures (Td, at 10% weight loss with a heating rate of 10 °C/min) for P1 and 
P2 are 364 and 354 °C, respectively, under nitrogen. These Td values are rather 
high compared to 221 °C for the common PPV derivative poly[2-methoxy-5-(2-
ethyl-hexyloxy)-p-phenylene vinylene] (MEH-PPV).24 Stability also compared well 
with the Td of 390 °C for poly(9,9-dialkyl-2,7-fluorenylene)
25 and 324-341 °C (5% 
weight loss) for copolymers containing 2,7-fluorenylene and p-phenylene 
vinylene units.26 The Td values for P1 and P2 are somewhat lower than the 
values reported for poly(9,9-diaryl-1,4-fluorenylene)s,18,19 which showed less 
than 5% weight loss up to 380 °C. In the latter case, the high thermal stability 
was attributed to the presence of two sterically encumbering aryl groups at the 9-
position of the fluorene unit. The current work demonstrates that, even in the 
absence of bulky sidechains, the 1,4-fluorenylene vinylene backbone has good 
thermal stability that is beneficial for targeted device applications. 
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Photophysical Properties of Polymers  
 The absorption and photoluminescence spectra of P1-2 are shown in 
Figure 2.1, and photophysical properties are summarized in Table 2.1. Table 2.1 
also includes available data for A (Chart 2.1; Ar = 4-t-butylphenyl, R = 2-
A) 
 
B) 
 
Figure 2.1. Normalized absorbance (A) and photoluminescence (B) spectra of P1 and P2 in 
CH2Cl2 solutions and as thin films. UV = Absorbance spectrum, PL = photoluminescence 
spectrum.  
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ethylhexyl) and poly[p-phenylenevinylene-alt-(2,5-dihexyloxy-p-
phenylenevinylene)] (HxPPV). HxPPV is a pertinent point of comparison for P1, 
because HxPPV is a direct analogue featuring a phenylene unit that is replaced 
with the 9,9-dihexyl-1,4-fluorenylene unit in P1. Although A is a reasonable 
structural analogue of P2, the presence of an alkoxy substituent at the 2-position 
of the fluorenylene repeat unit will render the polymer’s -system more electron 
rich, and it is well known that the presence of electron releasing substituents tend 
to lead to red shifts in absorption and emission wavelengths of PPV derivatives.27 
This trend is borne out by the four PPV derivatives whose photophysical data are 
summarized in Table 2.1. Solutions of polymers with two alkoxy substituents, P1 
and HxPPV, have max values of 440 and 463 nm, respectively. These compare 
with the max value for single alkoxy-bearing A (410 nm) and P2 (398 nm), which 
lacks alkoxy substitution. Absorption data also allow an estimate of optical 
bandgaps of 2.36 eV and 2.48 eV for P1 and P2, respectively, which are 
comparable to those of other practically applicable PPV and polyfluorene 
derivatives. 
Table 2.1. Select photophysical properties PPV derivatives discussed herein. 
 Solution Thin Film 
 max 
(nm) 
log em (nm)  max (nm) em 
(nm) 
P1 440 4.39 529 0.17 440 568 
P2 398 3.77 513 0.34 NAa 505 
HxPPV 463 4.06 515 NAb 475 550 
Ac 410 NAb 507 NAb 410 515 
a
 peak is broad with no clear maximum, as shown in Figure 2.1A 
b
 not reported 
c
 Ar = 4-t-butylphenyl, R = 2-ethylhexyl 
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 A comparison of absorption and emission spectra of dilute solution to 
those of thin films can give insight into the extent of inter--system interaction in 
the solid state. It is important to understand these interactions in thin films 
because the interchain morphology has a decided effect on device properties 
such as exciton diffusion, charge carrier mobility, etc. The absorption spectrum of 
a P1 thin film features the same max and only a slight shoulder to the red of the 
solution absorption band, indicating that ground state inter--system interactions 
(i.e., aggregation) are not prevalent in this material. This is in stark contrast to 
HxPPV, the thin film max of which is shifted by 12 nm to the red in addition to a 
significant shoulder to the red, which has been attributed to agglomeration of the 
polymer chains.28 The most logical explanation for the resistance of P1 to similar 
agglomeration is that the two hexyl substituents extend above and below the 
plane of the -system of the fluorene unit to which they are appended. The n-
hexyloxy substituents of HxPPV, however, can lie more or less in the plane of 
their attendant -system, allowing close contact between proximal chain 
segments. The photoluminescence spectra of P1 and HxPPV, however, both 
exhibit a bathochromic shift of 40-45 nm in the thin film compared to dilute 
solution, suggesting that both polymers exhibit excited state inter--system 
interaction (i.e., excimer or exciplex formation), despite the presence of 
interfering sidechains in P1.     
Structurally, P2 compares best with A. The presence of sterically 
encumbering aryl substituents on A endow it with significant resistance to inter--
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system interactions in the solid state, with both absorption and emission maxima 
nearly identical for solution and thin film. Likewise, the red edge of the absorption 
spectrum of a P2 thin film is nearly identical to the red edge of the solution 
spectrum, although the thin film spectrum exhibits an additional strong absorption 
feature to the blue of the solution absorption band. The broadening of film versus 
solution absorption spectra is typical of many CPs, and the emergence of the 
blue-shifted feature is attributable to the variation in effective conjugation length 
along the polymer backbone as a result of polydisperse conformations. 
Polydispersity in conformational distribution means some regions of the polymer 
feature twisting of adjacent -systems from coplanarity, shortening the effective 
conjugation length, while other segments will maintain an effective conjugation 
length similar to that present in solution. The absence of any bathochromically 
shifted contribution to the spectrum indicates that the presence of 9,9-dihexyl 
substituents is enough to prevent ground state aggregation of the material. The 
small hypsochromic shift of the thin film em is in line with the analysis of the 
absorption spectra, and additionally suggests that there are no strong interchain 
interactions in the excited state either. As was observed for poly(9,9-dialkyl-2,7-
fluorenylene)s derived from monoalkyl defect free monomers via the Holmes 
protocol,29 when films of P1 or P2 are annealed (140 °C) for up to one week, no 
bathochromically shifted emission is observed. A bathochromic feature typically 
appears in polyfluorene derivatives due to oxidative defects. Films of P1 and P2, 
however, showed only steady decreases in their absorption and emission 
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profiles, indicative of slow degradation of the materials over about 10 days at 
140 °C. The ability of the 9,9-dialkyl-1,4-fluorenylene units to endow their 
containing PPV analogues with added resistance to agglomeration in the solid 
state and to simultaneously improve their thermal stability are promising initial 
observations for these novel CP constituents, and should spur additional studies 
with similar motifs. 
 
Conclusions 
New monomer units comprising 9,9-dialkyl-1,4-fluorenylene units have 
been prepared. These monomers are suitable for incorporation into -conjugated 
polymers via Gilch or Horner-Wittig routes, and the preparation of PPV 
derivatives by these methodologies yielded soluble polymers exhibiting good 
photoluminescence efficiency, useful optical bandgap, facile film-forming ability 
and better thermal stability than traditional PPV derivatives. The disposition of 
9,9-dialkyl substituents not only provide reasonable solubility to the polymers, but 
also appear to provide protection from interchain interaction in the solid state 
compared to PPV derivatives featuring 2,5-dialkoxyphenylenevinylyne units, as 
evidenced by comparison of solution and film photophysical data. The extension 
of these novel monomers to other polymers and application of polymers to device 
applications are currently underway. 
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Supporting Information 
 
 
 
 
Figure S2.1  Proton NMR spectrum of 1.  
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Figure S2.2.  Carbon-13 NMR spectrum of 1. 
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Figure S2.3.  Proton NMR spectrum of 3.  
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Figure S2.4. Carbon-13 NMR spectrum of 3. 
 
 
Figure S2.5. Proton NMR spectrum of 4. 
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Figure S2.6. Carbon-13 NMR spectrum of 4. 
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Figure S2.7. Proton NMR spectrum of 5.  
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Figure S2.8. Carbon-13 NMR spectrum of 5. 
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Figure S2.9. Phosphorus-31 NMR spectrum of 5.  
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Figure S2.10. Proton NMR spectrum of P1. 
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Figure S2.11. Proton NMR spectrum of P2.  
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CHAPTER THREE 
SYNTHESIS, PHOTOPHYSICAL AND ELECTROCHEMICAL PROPERTIES OF 
CONJUGATED POLYMERS INCORPORATION 9,9-DIALKYL-1,4-
FLUORENYLENE UNITS WITH THIOPHENE, CARBAZOLE, AND 
TRIARYLAMINE COMONOMERS¥ 
 
Introduction 
 Since breakthrough research on -conjugated polymers (CPs) and 
electroluminescence was first reported over a decade ago,1 CPs have become a 
widely studied class of materials for applications in electroluminescent devices 
and organic photovoltaic (PV) cells.2 Polymer light emitting diodes (PLEDs) have 
several advantages over traditional inorganic LEDs. The polymer components of 
PLEDs are typically processable and can be used in flexible materials. This can 
open the door for LED incorporation into any number of applications where the 
material needs to be flexible. With reasonable design rationale, these organic 
molecules can also be fine-tuned for specific optical and electronic properties, 
including higher photoluminescence quantum yields.3,4 The potentially lower cost 
of these polymers also makes them attractive for LED and PV applications. One 
 
 
¥
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of the major problems with large-scale use of these materials is that many exhibit 
shorter-than-desired operation lifetimes, limiting their usefulness.5 
  In the quest for functional polymers for use in PV cells, thermal stability 
and low band gaps are desirable. Thermal stability is important so the polymers 
can be processed and used in films under thermally challenging operational 
situations.6 Because a PV cell employs a semiconducting material, a low band 
gap energy is desirable to improve the conductivity of the cell. The theoretical 
optimum band gap energy (Egap) for a bulk heterojunction type PV is around 1.1 
eV (assuming PCBM as an acceptor component), where a maximum of energy 
could be transferred from sunlight to generation of electron-hole pairs, so 
construction of polymers to tune the Egap lower is one avenue that can be taken 
to improve efficiency.7 
With respect to light emissive application, the area of greatest challenge 
for creating a robust all-organic full-color display is the lack of effective blue 
Chart 3.1. Examples of fluorene-containing polymers. 
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emitting components. Polyfluorene derivatives (i.e., 1a, Chart 3.1) have garnered 
the most success among organic blue emitting materials.8,9 One of the main 
disadvantages of such polyfluorenes, however, has been the oxidative defects 
that occur when monoalkylation is found at the 9-position on the fluorene ring 
(1b, Chart 3.1), an impurity that carries over from monomer preparation. The 
recently developed Holmes route10 to defect-free polyfluorenes can be utilized to 
eliminate this type of oxidative defect. We exploited this new methodology to 
prepare a new class of CPs that incorporate 9,9-dialkyl-1,4-fluorenylene units 
into a poly(p-phenylene vinylene)  (PPV) derivative.11 One of the interesting 
structural features of this new monomer is the rigid lateral extension of the two 
alkyl sidechains in both directions orthogonal to the pi-orbital plane of the 
fluorenylene ring and appended pi-conjugated polymer. This is in contrast to the 
often pseudocoplanar nature of sidechains / pi systems in widely-studied PPV 
derivatives such as poly(p-(2,5-di(n-alkoxy)phenylene)vinylene) and other 
practically applicable CPs such as poly(3-alkylthiophene). CPs featuring 
branched or otherwise bulky sidechains generally demonstrate enhanced thermal 
stability and diminished aggregation as compared to less-encumbered 
analogues. Controlling aggregation processes and attendant inter-/intrachain 
morphology is one of the key challenges for reliably controlling device 
performance. Our pilot monomer proved useful for providing thermally stable CPs 
prepared by both Horner-Wittig condensation polymerization (P1, Chart 3.1) and 
Gilch polymerization (P2, Chart 3.1). As anticipated, the disposition of alkyl side 
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chains in the new monomer also limit polymer aggregation in the solid state as 
measured by electronic absorption and photoluminescence spectroscopy on thin 
films.  
 On the basis of the pilot study, it was of interest to prepare CPs that 
combine the novel 9,9-dialkyl-1,4-fluorenylene repeat units with other common 
CP constituents that have found utility in practical settings and / or endow their 
composite polymers with desirable optoelectronic properties. Thiophene is an 
obvious target due to its prominent role in studies set to optimize organic PV cell 
efficiency.6,13 Furthermore, polymers containing 2,5-thienylene repeat units can 
exhibit good thermal stability as well as lower band gap energies and increased 
charge-transport / conductivity compared to CPs with all-carbon pi-conjugated 
backbones.14 13 
Another unit that has found success in organic electronic devices is 
triphenylamine. Two of the factors that determine PL device performance, for 
example, are charge carrier mobility and low ionization energy. Triarylamine 
derivatives have both relatively high charge carrier mobilities and low ionization 
potentials.15 Copolymerization of triarylamine- and 2,7-fluorene-derived 
monomers has led to polymers with reasonable performance in PLEDs.15 
Another promising application of triarylamine derivatives has been in donor-
acceptor materials. When triphenylamine is employed as the electron donor 
moiety, low bandgap energies (< 2.0 eV) are achieved.16 
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Finally, less investigated but quite promising CP constituents relevant to 
the current work are those incorporating carbazole derivatives.17-20 Depending on 
substitution patterns and functional groups involved, quite thermally stable blue 
emissive carbazole polymers have been demonstrated, spurring a recent surge 
in their exploration for use in blue OLEDs.19 Interestingly, copolymers 
incorporating both carbazole and fluorene units have been synthesized in order 
to combine the physical and optical properties of both, leading to even more 
stable, processable, and redox-tunable materials.17 More recently, carbazole-
containing CPs have found use in bulk heterojunction solar cells, wherein the 
electron-donating capacity of the carbazole unit makes them good candidates for 
donor components. Carbazole polymers with very low energy gaps (1.1- 1.3 eV), 
have been synthesized, another marquee benchmark for successful application 
in organic PV cells.18 
Herein, we describe the synthesis and characterization, photophysical 
properties, thermal stability and electrochemistry (cyclic voltammetry and 
differential pulse voltammetry) of several  PPV derived alternating copolymers 
comprised of electron-donating thiophene, triphenylamine, and carbazole units 
with the novel 9,9-dihexyl-1,4-fluorenylene vinylene repeat unit. 
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Experimental 
Reagents and General Methods. 
Reagents were obtained from Aldrich Chemical Co., TCI America, Acros 
or Alfa Aesar and used without further purification. Air sensitive reactions were 
carried out in solvents purified by passage through alumina columns under a dry 
N2 atmosphere employing an MBraun solvent purification system. Air sensitive 
operations were done in an MBraun dry box or using standard Schlenk line 
techniques under N2. NMR spectra were obtained using a Jeol 300 spectrometer 
operating at 300 MHz for protons. All spectra were collected at 25 °C and 
referenced to residual solvent signals (CHCl3 = 7.25 ppm, CH2Cl2 = 5.29 ppm). A 
quantitative treatment of the NMR spectra versus solvent internal standards was 
undertaken to confirm polymer composition. NMR spectra are provided in the 
supporting information. Thermogravimetric analyses (TGA) were performed on a 
Hi-Res TGA 2950 Thermal Analyzer by TA Instruments. 
Preparation of P3 
In the dry box, 4,4'-diformyltriphenylamine (0.0480 g, 0.158 mmol) was 
added to 5 (0.100 g, 0.158 mmol) in THF (10 mL) and stirred in a pressure flask. 
A solution of potassium tert-butoxide (0.177 g, 1.58 mmol) in THF (15 mL) was 
added drop-wise to the reaction mixture. The solution turned a turbid green-
brown color as more KOtBu was added until no more color change was visible. 
The reaction mixture was sealed with a Teflon screwcap and was stirred in the 
dry box for 13 h. After 13 h, the solution had turned green. The solution was then 
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removed from the dry box and stirred at 70 °C for 6 h. The mixture was allowed 
to cool to room temperature, and then the reaction was quenched with methanol 
(10 mL). All volatiles were removed under reduced pressure to yield yellow-
brown solid. To the flask containing the solid, methanol (30 mL) was added and 
the solid was scraped off the flask and into the methanol. The mixture was stirred 
under nitrogen for 15 min. The solid was then collected by filtration through a 
fritted funnel, dried in vacuo for over 20 h to yield 0.076 g (77 %) of yellow solid. 
The compound was then stored in the dry box. 1H NMR (CD2Cl2, 300 MHz):  δ = 
0.04 – 2.36 (m, 26H), 7.11 – 7.88 (m, 23H).  
Preparation of P4 
In the dry box, 2,5-thiophenedicarboxaldehyde (0.0220 g, 0.158 mmol) 
was added to 5 (0.100 g, 0.158 mmol) in THF (10 mL) and stirred in a pressure 
tube. A solution of potassium tert-butoxide (0.177 g, 1.58 mmol) in THF (15 mL) 
was added drop-wise to the reaction mixture. The solution turned almost black as 
more KOtBu was added until no more color change was visible. The reaction 
mixture was sealed with a Teflon screwcap and stirred at room temperature in 
the glovebox for 16 h. The solution was then removed from the dry box and 
stirred at 70 °C for 8 h. After cooling to room temperature, methanol (10 mL) was 
added. All volatiles were removed under reduced pressure to yield a dark 
reddish-brown glassy solid. The solid was then stirred in MeOH (30 mL) under N2 
for 15 min and then collected by filtering through a fritted funnel. The resulting 
polymer was vacuum dried overnight. This yielded 0.019 (26%) of a dark red-
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orange solid, which was stored in the dry box. 1H NMR (CD2Cl2, 300 MHz):  δ = 
0.69 – 1.38 (m, 22 H), 2.10– 2.44 (m, 4H), 7.08 – 7.96 (m, 12H). 
Preparation of P5 
In the dry box, 9-(2-ethylhexyl)-carbazole-3,6-dicarboxaldehyde (0.053 g, 
0.158 mmol) was added to 5 (0.100 g, 0.158 mmol) in THF (10 mL) and stirred in 
a pressure tube. A solution of potassium tert-butoxide (0.177 g, 1.58 mmol) in 
THF (15 mL) was added drop-wise to the reaction mixture. The solution turned 
an orange-brown color as the KOtBu was added. The reaction mixture was 
sealed with Teflon screwcap and was stirred at room temperature for 16 h. The 
solution was then removed from the drybox and was stirred at 70 °C for 5.5 h. 
The solution was then removed from the heat and allowed to cool to room 
temperature. To quench the reaction, methanol (10 mL) was added to the 
solution. All volatiles were removed under reduced pressure. To the resulting 
yellow-brown solid, methanol was added (30 mL) and the solid was stirred in the 
methanol under N2 for 20 min. The solid was then collected using a fritted funnel 
and was dried under vacuum for ~20 h to yield 0.085 g (82%) of a golden-brown 
solid. 1H NMR (CD2Cl2, 300 MHz):  δ =  0.05 – 2.52 (m, 41H), 4.26 (s, 2H), 7.34 – 
8.30 (m, 16H). 
General Spectroscopic Methods  
Photoluminescence (PL) spectra were acquired on a Varian Cary Eclipse 
fluorescence spectrophotometer. Absorption spectra were recorded on a Varian 
Cary 50 Bio absorption spectrophotometer. Samples for all absorbance and PL 
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spectra used dichloromethane as solvent in Spectrosil quartz cuvettes having a 
path length of 1 cm. The dichloromethane solvent for all optical measurements 
was purified and made anhydrous/anaerobic by passage through alumina 
columns under a N2 atmosphere employing an MBraun solvent purification 
system. Photoluminescence quantum yields were measured relative to quinine 
bisulfate (Φ = 0.564) in 1 M aqueous sulfuric acid.18 Polymer concentrations are 
reported as moles of repeat unit per liter. 
General Electrochemical Methods 
 Electrochemical experiments were performed using a CH Instruments 
660B Electrochemical Workstation. An airtight 3-electrode cell under a nitrogen 
atmosphere was used for all experiments. The electrode system consisted of a 
gold working electrode, a tungsten wire counter electrode, and a silver wire 
quasi-reference electrode. Measurements were made in ~1 mM solutions using 
dry CH2Cl2 with 0.1 M [n-Bu4N][PF6] as the supporting electrolyte. Ferrocene 
(FeCp2) was chosen as the internal standard. All reported potentials were 
collected with a 100 mV s-1 scan rate and were referenced to SCE by shifting 
[FeCp2]
+/0
 to 0.46 V.
19  
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Results and Discussion 
 Polymers P1 and P2 were prepared as previously reported.8 Horner-Wittig 
condensation polymerization was used to synthesize P3-P5 for the current study 
(Scheme 3.1). Polymer P3 was obtained as a yellow solid in 77% yield via 
treatment of a THF solution of monomer 18 and 4,4'-diformyltriphenylamine with 
potassium t-butoxide. Similarly, P4 was obtained as a red-orange solid (26% 
yield) following condensation of 1 and 2,5-thiophenedicarboxaldehyde, while P5 
was obtained as a golden solid (82% yield) via condensation of 1 with 9-(2-
ethylhexyl)-carbazole-3,6-dicarboxaldehyde. Although the molecular weights and 
polydispersity of CPs of this nature are not accurately depicted by traditional 
GPC analysis,20 we were able to use end group analysis of the proton NMR 
spectra to confirm a degree of polymerization of ≥20 for polymers P3-P5.   
Thermogravimetric analysis revealed a decomposition temperature (Td) at 
5% weight loss of 421 °C for both P3 and P5. This represents a significant 
improvement relative to P1 and P2 (Chart 3.1, Td = 364 and 354 °C, 
 
Scheme 3.1.  Route to polymers P3 – P5.  
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respectively).8 Although P4 exhibited a Td (320 °C) significantly lower than P3 or 
P5, it is nonetheless identical to that reported for related polymers containing 
thermally sensitive thienylenevinylene repeats such as poly((3-
hexylthienylene)vinylene)-co-(2,5-dialkoxyphenylene)vinylene).21 Polymers P1–
P3 and P5 also exhibit comparable thermal stability to reported poly(9,9-diaryl-
1,4-fluorenylene)s, which show less than 5% weight loss at temperatures up to 
380 °C.22,23 Taken together, the thermal stability data for all of the 1,4-
fluorenylene-containing polymers indicate that these units bestow identical to 
notable improved thermal stability. This observation may reflect the greater steric 
encumbrance of the 1,4-fluorenylene unit and specifically the presence of the two 
alkyl units at the 9-position of the fluorene. These alkyl units are held orthogonal 
to the plane of pi-conjugation in these polymers and should thus hinder intrachain 
interactions and attendant thermal crosslinking degradation pathways. The 
assertion that 1,4-fluorenylene units can prevent interchain interactions in the 
solid state was previously borne out by a comparison of film and solution 
photophysical data as well.8  
Photophysical properties of P1-P5 are summarized in Table 3.1, while 
normalized electronic absorption and photoluminescence spectra are provided in 
Figure 3.1. As noted previously, the photophysical parameters for P1 and P2 are 
comparable to those for related PPV derivatives.8 Given that P3–P5 differ from 
P1 and P2 in that P3-P5 are comprised by heteroarene-alt-fluorene 
microstructures, their spectroscopic features should reflect the donor–acceptor 
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nature of these subunits. Polymer P3 displayed an absorption at λmax = 420 nm, 
whereas P4 and P5 exhibited λmax = 450 and 380 nm, respectively, revealing that 
the thiophene-containing P4 had the lowest optical band-gap, whereas 
carbazole-containing P5 had the highest. The 1,4-fluorenylene functions as the 
"acceptor" and is conserved among P3–P5, thus the spectral trends for these 
polymers can be understood in terms of the respective "donor" abilities of the 
triphenylamine, thiophene, and carbazole subunits, respectively. Analysis of P3 – 
P5 by fluorescence spectroscopy revealed a similar trend related to electron 
donating abilities. The emission wavelengths (em) were 506 nm, 549 nm, and 
469 nm for P3, P4, and P5, respectively. Although the Ф for P4 was significantly 
lower than P3 and P5, it is well-known that thiophene-based CPs in general 
suffer from greater non-radiative relaxation than PPV, PPE or PF. 
Table 3.1. Select photophysical properties of P1 – P5. 
 
 max (nm) log em (nm) 
P1
a 
440 4.39 529 0.17 
P2
a 
398 3.77 513 0.34 
P3 420 4.62 506 0.57 
P4 450 N/A
b
 549 0.02 
P5 380 4.69 469 0.55 
a
Reported previously
7
. 
b
Incomplete solubilization precluded accurate calculation
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To determine the ionization energy and electron affinity values for P1–P5, 
the polymers were then subjected to electrochemical analyses via cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV). These data are 
summarized in Table 3.2, with original CV and DPV scans provided in the 
 
 
Figure 3.1.  Normalized absorbance spectra (top) and photoluminescence emission spectra 
(bottom) of P1 – P5 in CH2Cl2 solutions. 
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supporting information. The optical bandgaps (Eg, opt) in Table 3.2 were 
calculated from the red edge onset in the UV-vis electronic absorbance spectra 
(Figure 3.1, top). The electrochemical values for our polymers were also 
compared to similar PPV derivatives (Chart 3.2) to better understand and 
interpret the electrochemical properties of P1–P5.24-27  
P1 can be considered as intermediate between PPV and MEH-PPV in the 
extent to which donation of electron density occurs from side chains to the pi-
conjugated backbone, a major influencing factor in electrochemical tunability of 
PPV derivatives. The electrochemical data reflects this chemical intuition, with 
the IE, EA and Eg of P1 all lying between the corresponding values for PPV and 
MEH-PPV. By a similar argument, one can readily predict that P2, lacking alkyl 
Table 3.2. Electrochemical data of PPV derivatives 
 
IP (eV) EA (eV)
a
 Eg opt (eV) 
PPV
b 
5.4 2.85 2.5 
P1 5.18 2.78 2.4 
MEH-PPV
b 
4.87 2.6 2.1 
P2 5.08 2.52 2.56 
PPV-TPA
c 
5.4 2.85 2.75 
P3 5.45 2.86 2.59 
 5.00 2.41 
 
PTV
d 
4.76 N/A 1.64 
P4 5.08 2.76 2.32 
C-PPV
e 
5.2 2.47 2.73 
P5 5.08 2.34 2.74 
a
 Calculated from the IE ˗ Eopt. 
b
 Reference 24 
c 
Reference 25
 
d
 Reference 26
 
e
 Reference 27 
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units attached to the pi-conjugated backbone of the polymer chain, would exhibit 
electrochemical features more similar to PPV than does P1. 
P3 is structurally similar to PPV-TPA, a copolymer in which a simple 
phenylene vinylene unit is conjugated to a triarylamine unit. In the case of P3 the 
1,4-fluorenylene unit takes the place of the phenylene unit of PPV-TPA. In light of 
the similarity of IE and EA values for P3 and PPV-TPA, it is clear that the 
increased steric encumbrance in P3 does not adversely affect the ability of the 
system to adopt a similar effective conjugation length of the oxidized polymer. In 
the case of P3, we report both oxidations, the first corresponds to the oxidation of 
the -system and the second to oxidation affected by removal of n-type electrons 
from the nitrogen.  
P4 and PTV have been compared because they are both thiophene-
containing polymers, although the lack of phenylene units in PTV will clearly lead 
to different electrochemical parameters. Notable, the replacement of phenylene 
Chart 3.2. PPV derivatives for comparison of electrochemical data. 
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units with thienylene units generally leads to significant lowering of the bandgap. 
This is observed in the current case, with P4 exhibiting the lowest bandgap of the 
series (2.32 eV), though not nearly as low as that of PTV in which all phenylene 
units have been replaced by thienylene units (1.64 eV).  
P5 and C-PPV are structurally similar other than the incorporation of the 
novel sidechain distribution in P5, and the Eg for the two polymers are almost 
identical, and the IE and EA are only slightly lower for P5 compared to C-PPV. All 
of the aforementioned comparisons point to the fact that the 9,9-dialkyl-1,4-
fluorenylene repeat unit will allow their composite polymers to perform as 
expected on the basis of known behavior of less encumbered analogues.  
That electrochemical properties of P1-P5 can be readily rationalized on 
the basis of simple electronic arguments in comparison to other PPV derivatives 
provides important insight into these new materials. Although the steric bulk of 
the 1,4-fluorenylene units can prevent interchain interactions, there is little steric 
effect insofar as the ability of an individual chain to maintain coplanarity of 
adjacent pi-conjugated subunits and thus exhibit similar effective conjugation 
lengths to their less encumbered analogues. 
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The electrochemical reversibility was also investigated in scan rate studies 
for P1, P3, and P5 (Figure 3.2). It can be seen that the peak potentials shift as 
scan rate changes for each polymer, indicating they are quasi- or non- reversible 
electrochemical reactions. P2 and P4 are also not electrochemically reversible, 
as no reverse peak after oxidation is observed in the CV studies. 
 
 
 
A) 
  
 
 
C) 
 
Figure 3.2. Cyclic voltammograms with increasing scan rate for P1 (A), P3 (B), and P5 (C) (~1 
mM solutions in CH2Cl2 with 0.1 M [n-Bu4N][PF6] as the supporting electrolyte).  
 
 B) 
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Conclusions 
We have synthesized three new donor-acceptor containing copolymers 
that incorporate a novel 1,4-fluorenylene unit combined with some of the most 
well-studied and optoelectronically interesting comonomers in CP research. 
These materials were studied to reveal key thermal, photophysical and 
electrochemical parameters. The picture that emerges from this study is that the 
presence of alkyl substituents perpendicular to the pi-system of the polymer 
backbone can prevent interchain interactions and thus impart improved thermal 
stability and film photophysical properties in some cases. At the same time, the 
steric bulk of those alkyl groups do not appear to impact the effective conjugation 
length or related optoelectronic properties compared to less encumbered 
analogues. The next step towards developing these materials is to use them in 
electronic devices, an effort that will be undertaken in the near future by our 
group. 
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Supporting Information 
 
 
Figure S3.1. 
1
H NMR spectrum of P3 (CD2Cl2, 300 MHz). 
 
 
Figure S3.2. 
1
H NMR spectrum of P4 (CD2Cl2, 300 MHz). 
 
 
*CD2Cl2 
*CD2Cl2 
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Figure S3.3 
1
H NMR spectrum of P5 (CD2Cl2, 300 MHz). 
 
 
*CD2Cl2 
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Figure S3.4. Cyclic voltammograms of P1 – P5; plotted as current vs potential.
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Figure S3.5. Differential pulse voltammograms of P1 – P5.  
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Figure S3.6. TGA thermograms of P3 – P5.  
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CHAPTER FOUR 
CONJUGATED POLYMER PREPARATION BY A DEBROMINATION-CHAIN 
POLYMERIZATION-DEBROMINATION SEQUENCE: LOW DEFECT POLY(P-
PHENYLENE VINYLENE) DERIVATIVES¥ 
 
Introduction 
  Poly(p-phenylene vinylene) derivatives (PPVs) are the most studied 
organic semiconducting conjugated polymers (CPs) for optoelectronic devices,1 
and are leading candidates to serve as active components in organic solar 
photovoltaics2 and display applications.3 Unfortunately, several of the more 
common synthetic avenues that can be used to prepare high molecular weight 
PPVs, such as Gilch, Wessling and Vanderzande routes,4 involve polymerization 
of asymmetric monomers that thus lead to a number of defects (Scheme 1A). 
Defects can diminish or alter the optoelectronic performance of PPVs, acting as 
exciton trap sites contributing to the experiment irrreproducibility5 and 
performance deficiencies that plague the field of plastic electronics.6 We have 
devised a novel route that produces PPVs wherein the incidence of deleterious 
defects is 
 
¥ 
Some of this text is used in a manuscript submitted to Chemical Communications February 20, 2013. 
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significantly reduced. In seeking a low-defect route to PPV derivatives, it was 
hypothesized that chain polymerization of a symmetrically substituted monomer 
would eliminate entirely the possibility of defects resulting from head-to-head and 
tail-to-tail coupling (Scheme 4.1B).  
 
Experimental 
 Poly(2,5-bis(hexyloxy)-1,4-phenylenevinylene) was prepared as shown in 
Scheme 4.2  
Preparation of 1,4-bis(dibromomethyl)-2,5-bis(hexyloxy)benzene 
 To 1,4-bis(bromomethyl)-2,5-bis(hexyloxy)benzene (7.92 g, 17.1 mmol) in 
CCl4 (100 mL), N-bromosuccinimide (6.09 g, 34.2 mmol) and benzoyl peroxide 
(0.042 g, 0.171 mmol) were added. Reaction mixture was stirred under nitrogen 
for 0.5 h at room temperature. Solution was then refluxed for 21 h. After an initial 
Scheme 4.1. A) Defects derived from several common routes to PPVs and B) low-defect 
phosphite-mediated route. 
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check by NMR analysis to determine if the bromination was complete, it was 
determined that it was not fully brominated. An additional 2.0 g NBS and 0.020 g 
BPO were added and the reaction was refluxed for an additional 5 h. The 
reaction was then cooled to room temperature. The succinimide was filtered out 
and the filtrate was collected. The solvent was removed under reduced pressure. 
The resulting dark yellow solid was then washed with methanol (80 mL), which 
resulted in a pale yellow solid. The solid was filtered and dried under vacuum to 
yield 8.45 g (79.7%). Once the compound was obtained, it was placed in the 
freezer in the dry box until it was used for polymer synthesis. 1H NMR (CDCl3, 
300 MHz): δ = 0.92 – 0.97 (m, 6H), 1.37 – 1.88 (m, 12H), 1.83 – 1.88 (m, 4H), 
4.09 (t, 4H; J = 6Hz), 7.11 (s, 2H), 7.31 (s, 2H). 13C NMR (CDCl3, 75 MHz): δ = 
14.04, 22.62, 25.76, 29.13, 31.53, 34.85, 69.37, 113.62, 132.25, 147.15. 
 
 
 
 
 
Scheme 4.2. Route to P1b. Reactants and conditions: (i) 3 equiv of 1-bromohexane, 3 equiv of 
K2CO3; (ii) 3 equiv of paraformaldehyde, hydrobromic acid, glacial acetic acid; (iii) 2.3 equiv of N-
bromosuccinimide, benzoyl peroxide; (iv) 5 equiv of diethyl phosphite, 10 equiv of Cs2CO3. 
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Preparation of PPV Precursor 4  
 In THF (240 mL), 1,4-bis(dibromomethyl)-2,5-bis(hexyloxy)benzene (5.715 
g, 9.19 mmol), diethylphosphite (1.39 g, 10.1 mmol), and Cs2CO3 (3.29 g, 10.1 
mmol) were added together in the drybox. Solution was then removed from box 
but kept under nitrogen. Degassed MeOH (23 mL) was added via syringe at 0 
°C. The solution was allowed to stir and warm to room temperature for over 12 h. 
Then the polymer was extracted with CH2Cl2 (250 mL) and washed with H2O (2 × 
500 mL). The organic layers were collected and solvent was removed under 
reduced pressure, yielding an orange film. Anal. Calc. for C20H30Br2:C, 51.97; H, 
6.54; Br, 34.57. Found: C, 51.42; H, 6.46; Br, 33.54 
Preparation of Poly(2,5-bis(hexyloxy)-1,4-phenylenevinylene) (P1) 
 In the dry box, diethylphosphite (0.572 g, 4.14 mmol) and Cs2CO3 (2.70 g, 
8.28 mmol) were added to 1,4-bis(dibromomethyl)-2,5-bis(hexyloxy) 
benzene(0.515 g, 0.828 mmol) in THF (20 mL) in a 25 mL round bottom flask. A 
sealed condenser was then placed on the flask to keep the contents under 
nitrogen. The solution was removed from the dry box and immediately placed 
under nitrogen. Methanol (2.0 mL) was added via syringe through the condenser. 
The solution was heated for 18 h at 70 °C. Then the polymer was extracted in 25 
mL CH2Cl2 and washed with water (3 × 50 mL). All volatiles were removed under 
reduced pressure to yield a red-orange solid. The solid was then redissolved in 
CH2Cl2 (20 mL) and dropped via pipette into 100 mL of methanol. A bright red-
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orange solid precipitated out and was filtered and collected. The resulting solid 
was dried in vacuo for 1.5 h. 
 
Results and Discussion 
 The proposed route shown in Scheme 4.3 was devised to yield the 
symmetric, chain-polymerizable monomer (3) required. This route was  
particularly attractive because one can envision isolation of processable 
precursor polymer 4. This route would thus maintain the attractive features that 
have made the other processable precursor routes (i.e., Scheme 4.1A) so useful.   
The most facile route discovered for the generation of quinoidal 3 in 
solution was debromination of the 1,4-bis(dibromomethyl)arene precursor 1 by 
diethylphosphite. Diethylphosphite (in the presence of a mild base) is a well-
 
 
Scheme 4.3. Proposed mechanism for phosphite-mediated route to PPV. 
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known dehalogenating agent,7 and is also a highly affordable starting material for 
scalable polymer production. We were further encouraged in pursuing this route 
because electrochemical reduction of similar bis(dibromomethyl)arene  
precursors will also yield PPV derivatives.4c Initial tests were therefore carried out 
to evaluate the viability of the route outlined in Scheme 4.3 using 
diethylphosphite and mild bases such as Hünig’s base, N(C2H5)3 (TEA) or 
Cs2CO3. Each base worked equally well in initial trials, so TEA was selected for 
subsequent studies on the basis of its affordability and ease of removal following 
reaction.  
 Table 4.1 summarizes benchmark tests that illustrate the viability of the 
new route in the preparation of electronically and sterically variable PPV 
derivatives, namely unfunctionalized PPV (P1a), a dialkoxy PPV (P1b), and a 
PPV with a bulky o-aryl substituent (P1c). In all cases, the 1,4-
bis(dibromomethyl)aryl monomer was heated for 18 h at 70° C with 5 equiv  
diethylphosphite and 10 equiv base in 10:1 THF/HOCH3. Although unsubstituted 
Table 4.1. Phosphite-mediated debromination-polymerization results and comparison to a 
Gilch-prepared polymer.
a,b,c 
 
Precursor Route Mn Mw PDI Residual Br (%) 
 
Gilch 34,100 102,000 3.0 7.34 
1b Current 36,000 101,000 2.8 2.31 
1c Current 41,800 127,000 3.1 2.1 
 
a
 GPC analysis was not possible for polymers resulting from precursor 1a due to prohibitive insolubility. 
b
 Residual Br determined from elemental microanalysis 
c
 The precursor for the Gilch route is’-dibromo-2,5-dihexyloxy-p-xylene 
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PPV is quite insoluble and thus not amenable to GPC analysis (a good indication 
of reasonably high molecular weight), GPC analysis of soluble PPV derivatives 
prepared from monomers 1b and 1c, reveal that the new methodology produces 
polymers with molecular weights and polydispersity indices (PDI) nearly identical 
to those of dialkoxy PPV derivatives prepared via the widely-used Gilch route at 
the same initial monomer concentration (Table 4.1).  
 The lower incidence of bromide-containing defects in polymers prepared 
via the new route was confirmed by elemental microanalysis (for C, H, N, Br, P, 
O, and, in the case of P1c, I). Some bromo substituents are left in the polymers 
prepared even by the new route because PPV derivatives tend to precipitate 
during reaction.4b It is important to note that there are twice as many bromo 
substituents per repeat unit in the precursor polymer (4) of the route reported 
herein compared to the precursor polymer precursor polymer in the Gilch route 
(Scheme 4.1A, top pathway). Despite this, the PPV derivatives produced by the 
debromination-chain polymerization-debromination protocol still has three-fold 
less remaining bromo defects compared to Gilch PPVs. The mass balance of Br 
remaining in the PPV polymers prepared via the new route indicate >98.5% 
efficiency in Br removal prior to the precipitation point.  This observation suggests 
that the new route removes bromo units at least six times more efficiently than 
under Gilch conditions at the same initial monomer concentration, while 
producing polymer with the same molecular weight profile. Furthermore, proton 
and 13C NMR spectroscopic analysis of P1b and P1c prepared as in Scheme 4.3  
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reveal no evidence for defects of the type shown in Scheme 4.1A, in contrast to 
the analogous material produced by the Gilch route.  
 Photophysical (Table 4.2) and electrochemical (Table 4.3) data for P1b 
produced by our phosphite-mediated route compare favorably with the PPV 
materials prepared by Horner-Wittig and Gilch routes. 
In addition to affecting the thermal, mechanical, and morphological 
properties of a PPV, alkyne and alkane defects therein will also alter the frontier 
orbital topology. Because increasing the extent of pi-conjugation renders that 
system more stable, any alkane and alkyne defects that disrupt conjugation in a 
PPV would increase the energy of its HOMO. As the HOMO energy increases, 
the energy required to move an electron from that orbital up to vacuum level 
would decrease, which would be manifested as a more facile oxidation potential. 
Indeed, cyclic voltammetry (CV) showed the oxidation onset for the Gilch PPV 
occurred at a significantly lower energy than in P1b. By using these oxidation 
Table 4.2. Photophysical data for P1b and Gilch PPV.  
 
 
max 
(nm) em (nm)  (ns) 
Gilch PPV 481 557 0.18 0.60(7) 
P1b 444 548 0.18 0.70(5) 
 
 
Table 4.3. Electrochemical data for P1b the same polymer prepared by the Gilch route.  
 
  
Ionization Energy 
(eV) 
Electron Affinity 
(eV)* 
Eopt 
(eV) 
Gilch PPV 6.01 3.77 2.24 
P1b 6.27 3.97 2.30 
*Calculated from the optical band gap and ionization energy (determined directly from electrochemical data). 
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onset potentials and the bandgap estimated from the red edge of the absorption 
spectra, the corresponding HOMO energies of P1b and Gilch PPV could be 
calculated to be 6.27 and 6.01 eV (Table 4.3), respectively, consistent with the 
expectation that P1b prepared via the new route has fewer defect sites.  
 Subsequent analysis of the Gilch PPV by differential pulse voltammetry 
(DPV) revealed a minor but noteworthy peak at 1.7 V, most probably attributable 
to oxidation of alkyne-defect-containing segments of polymer, as well as a 
smaller peak 1.9 V, corresponding to oxidation of the target (entirely 
phenylenevinylene) backbone segment’s valence band. In contrast, the DPV of 
P1b exhibited a peak at 1.9 V with a shoulder at 2.05 V, indicating the HOMO 
energy of the defect sites was similar to the valence band energy of P1b. 
Although defects could still be observed in the DPV of P1b, the fact that their 
oxidation potentials were nearly coincident with the main chain HOMO indicates 
that they will not dominate the electronic properties of the polymer. The 
electrochemical characterization and observation of these notable differences are 
especially pertinent to the application of such PPV derivatives in electronic 
devices, and further emphasizes the dangers associated with discussions of CP 
conjugation that are based entirely on absorption or luminescence spectra. Such 
photophysical data only give energy differences, and important device 
considerations rely on knowledge of absolute energies of the electron affinity and 
ionization potential of a CP. 
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 Having demonstrated that PPV derivatives with improved properties are 
accessible via the conditions employed, it was of interest to gather evidence for 
the proposed mechanism (Scheme 4.3). The formation of –:P(O)(OC2H5)2
8 can 
be observed by 31P NMR spectroscopy.9 In the current case, the formation of the 
anion under our reaction conditions was confirmed via deuterium exchange of 
DOCH3 with diethylphosphite to form DP(O)(OC2H5)2 (
31P NMR: 6.21 ppm, t, JD-P 
= 106 Hz). Once formed, –:P(O)(OC2H5)2 debrominates gem-dibromides,
8a,10 here 
yielding 2. Anion 2 is not isolable, rapidly eliminating Br– to yield 3. Efforts to 
observe 3 by 1H NMR spectroscopy at –80 °C in THF-d8
11 were inconclusive due 
to the very slow rate of reaction of 1. Peaks in the region expected for the 
intermediate were observed, but not with adequate resolution for conclusive 
assignment.  It was possible, however, to isolate and characterize processable 
precursor polymer 4 (elemental microanalysis calc’d for C20H30Br2O2: C, 51.97; 
H, 6.54; Br, 34.57, found: C, 51.42; H, 6.46; Br, 33.54) via reaction of 1 with 1 
equiv diethylphosphite at room temperature (20 °C) in the presence of TEA and 
methanol. Because diethylphosphite is well-known to mediate debromination of 
vicinal dibromides to produce olefins,7c,12 it was not surprising that exposure of 
isolated 4 to additional diethylphosphite and base led to the formation of the 
same PPV derivatives as are formed in the one-pot reaction of 1 with excess 
diethylphosphite and base. This is an important control, however, to demonstrate 
that 4 is a viable species on the path from 1 to P1. Compound 1a has been 
shown to form PPV derivatives via electrochemically-induced polymerization,1b 
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we thus sought to determine whether the debromination of 4 to give P1 operated 
in a similar manner. Simple cyclic voltammetric analysis of 4 under rigorously 
oxygen- and water-free conditions revealed no redox processes within the 
CH2Cl2 solvent window. However, holding the cell at a constant reducing potential 
(–1.5 V) for 2 min before acquiring a CV resulted in the appearance of multiple 
irreversible oxidation and reduction peaks and a gradual darkening of the 
solution consistent with PPV formation. Full characterization of the 
electrochemical processes involved and electrochemical analysis of the model 
compounds are underway and will be reported separately.  
Another important consideration in these types of polymerization is the 
relative contribution of radical versus anionic polymerization.4a,13 Following 
standard procedures used to probe the mechanism of the other routes shown in 
Scheme 4.1A, the current polymerization sequence was attempted in the 
presence of either TEMPO, which would quench active species in a radical chain 
polymerization, or water, which would quench the active species in anionic chain 
polymerization. When the one pot debromination-polymerization-debromination 
sequence was attempted in the presence of TEMPO or open to ambient oxygen, 
the polymerization reaction did not take place, supporting the expected radical 
chain polymerization mechanism.13b Furthermore, polymerization was not 
hampered by 10 vol. % water added to the solvent, suggesting that anionic 
polymerization may not be as major a contributor to polymerization of 3 (though 
both pathways are known to contribute to the related routes in Scheme 
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4.1A).4a,13a,14 In the current case, polymerization was actually faster in the 
presence of water. This makes sense because phosphite-mediated 
dehalogenation sometimes requires water or an alcohol for the reaction to take 
place.10,12b In the current case, the rate enhancement is attributable to the 
irreversible reaction of water with BrP(O)(OEt)2 to push equilibrium ii (Scheme 
4.3) towards formation of 3. This is why the optimized route utilizes as solvent a 
10:1 mixture of THF and methanol. Taken together, all of the above data points 
are consistent with the proposed mechanism and literature precedent for related 
debromination and chain polymerization reactions. 
 
Conclusions 
In conclusion, a facile new route to lower defect PPV derivatives that 
exhibit improved electrochemical profiles has been developed. The mechanism 
of this reaction takes advantage of a debromination-chain polymerization-
debromination sequence. Additional studies are underway to optimize the route 
and to explore its full scope / functional group tolerance and the kinetics of 
polymerization, as well as to devise related routes to low defect -conjugated 
polymers. 
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Supporting Information 
 
Figure S4.1. UV/vis absorbance spectra for P1b and Gilch PPV. 
 
 
Figure S4.2. Photoluminescence spectra for P1b and Gilch PPV.  
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Figure S4.3. Cyclic voltammograms of PPVs in CH2Cl2 solution with 0.1 M TBAPF6 at a 
scan rate of 100 mV/s (top) and differential pulse voltammogram for PPVs in CH2Cl2 
solution with 0.1 M TBAPF6 by 0.2 mV (bottom). 
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 CHAPTER FIVE 
COMPARISON OF 1,4-DISTYRYLFLUORENE AND 1,4-DISTYRYLBENZENE 
ANALOGUES: SYNTHESIS, STRUCTURE, ELECTROCHEMISTRY AND 
PHOTOPHYSICS¥ 
 
Introduction 
 
 Poly (p-phenylenevinylene) (PPV) and its derivatives (Figure 5.1, PPV) 
have been studied extensively as a result of desirable luminescent properties for 
applications in technologies such as organic light emitting diodes (OLEDs) and 
other optoelectronic devices.1,2 Because polymers can often be more difficult to 
study and characterize due to large molecular weights, polydispersity, solubility 
issues and structural defects,3 oligomers modelling polymers have become 
important models for elucidating structure-property relationships.4,5 By studying 
the oligomers, one can extrapolate the data to yield insights into structure-
property relationships and solid-state structural considerations of polymeric 
conjugated systems.3,6   
 Because PPVs are some of the most promising polymers for 
optoelectronic applications, oligo(p-phenylenevinylene)s (OPVs) have drawn 
interest as models for PPVs (i.e., I, Figure 5.1). Understanding structure-property  
 
¥ 
Some of this text is used in a manuscript submitted to Organic and Biomolecular Chemistry March 25, 2013. 
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relationships and photophysical behavior of OPVs can also be useful for 
applications in their own right. OPVs with different end groups including methyl 
and dimethylamino end groups can be used for making the emissive layer of  
OLEDs.7,8 Others have shown potential uses with similar OPVs as single crystals 
in field effect transistor (FET) applications.9,10 
 Another emerging field of application for OPVs is in non-linear optics 
(NLO).11 For a molecule to exhibit second order NLO properties, a non-
centrosymmetric center and high polarizability are key design features.12 To this 
end, many chromophores with definite dipole moments have been studied with 
the aim of obtaining crystals with non-centrosymmetric centers.13 Among these 
chromophores, donor-acceptor (D-A) substituted “push-pull” type distyrlbenzene 
derivatives have been used in theoretical studies to evaluate their potential in 
NLO applications, including two-photon absorption (2PA).14, 15 
 
 Polyfluorene (PF) is another class of polymer that has become of great 
interest for applications in optoelectronics (Figure 5.1).16,17 PF and its derivatives 
 
Figure 5.1. Select phenylene- and fluorene-bearing chromophores (R = alkyl or alkoxy, Ar = 
aryl). 
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typically emit light in the blue region, and are thus promising candidates for blue 
light-emitting devices.18,19 Fluorene is a unique structure that forces two benzene 
rings to be in a connected planar arrangement. Modification of the fluorene at the 
C-9 position, including addition of longer alkyl chains, limits intermolecular 
interactions, and thus changes physical characteristics such as solubility and 
solid-state packing.17 Fluorene derivatives have also shown potential in NLO 
applications, namely 2PA. Alternating copolymers containing fluorene and 
thiophene repeat units exhibit high 2PA cross-sections per repeat unit.20 Small 
molecule chromophores built on a fluorene can also exhibit high 2PA cross-
sections.21 When an additional chromophore is added to this type of 2,7-
derivatized fluorene (i.e., II, Figure 5.1), higher 2PA cross-sections were 
observed, along with high fluorescent quantum yields.17 These types of 
molecules thus conceivably have uses in non-linear optics, bioimaging, and other 
applications. PPV derivatives incorporating a 9,9-dihexylfluorene unit with the 
conjugated backbone across C-1 and C-4 (PFV, Figure 5.1) have also been 
found to have characteristics that are advantageous for optoelectronic device 
applications.19  
 With all these considerations in mind, we envisioned building oligo(p-
phenylenevinylene)s into which asymmetry in the form of a 1,4-fluorenylene 
moiety has been incorporated. Here we report the synthesis and characterization 
of a series of these molecules, along with a comparison to analogous model 
compounds (Scheme 5.1). Various substituents with a range of donor-acceptor 
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strengths were chosen to evaluate the effects of donor or acceptor groups on the 
molecules. 
Experimental 
Materials and characterization methods 
 Reagents were obtained from Aldrich Chemical Co., TCI America, Acros 
or Alfa Aesar and used without further purification. Air sensitive reactions were 
carried out in solvents purified using an MBraun solvent purification system 
passing through alumina columns under N2. Compound 1;
19 3a, 3e, 3f, and 3j;2 
3c and 3g;22 3b;23 and 3d24 have been previously prepared and reported in the 
literature. Synthetic routes of new molecules presented here are shown in 
Scheme 5.1. Air sensitive operations were done in an MBraun dry box or by 
using standard Schlenk line techniques under N2. NMR spectra were obtained 
using a either a Bruker or Jeol 300 spectrometer operating at 300 MHz for 
protons. All spectra were collected at 25 °C and referenced to residual solvent 
signals (CHCl3 = 7.25 ppm). 
Synthesis of 2a (X = NO2)  
 In THF (10 mL), 1 (0.126 g, 0.198 mmol) and p-nitrobenzaldehyde (0.0659 
g, 0.436 mmol) were combined in the dry box. In a separate vial, KOtBu (0.0889 
g, 0.793 mmol) was dissolved in THF (10 mL). This was added slowly dropwise 
to the solution containing the phosphonate and aldehyde. As it was added, the 
solution turned dark green. The reaction was allowed to stir in dry box for 46 h. 
The solution was then removed from the dry box and CH3OH was added (15 
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mL). The compound was extracted with CH2Cl2 (30 mL) and washed with H2O (3 
× 40 mL). The organic layers were collected and the solvents were removed. The 
remaining solid was washed with CH3OH (2 × 20 mL). Further purification was 
done by preparative TLC in hexane/ethyl acetate to yield 0.0623 g (49.8%). 1H 
NMR (CDCl3, 300 MHz):  δ = 0.45 – 0.72 (m, 10H), 0.90 – 1.08 (m, 12H), 2.12 
(td, 2H; J1 = 3Hz, J2 = 12 Hz), 2.32 (td, 2H; J1 = 4.5Hz, J2 = 12 Hz), 7.15 (t, 2H; J 
= 16 Hz), 7.34 – 7.45 (m, 3H), 7.55 – 7.89 (m, 8H), 8.10 (d, 1H; J = 16 Hz), 8.39 
(dd,4H; J1 = 3Hz, J2 = 6 Hz). 13C NMR (CDCl3, 75 MHz):  δ = 14.07, 22.56, 
23.55, 40.46, 56.49, 122.35, 123.25, 124.45, 126.50, 127.03, 127.17, 127.29, 
127.75, 128.32, 129.26, 130.14, 131.87, 132.83, 133.56, 140.23, 140.73, 144.02, 
147.00, 147.96, 151.86. HRMS M+ calculated for C41H44N2O4: 628.3301. Found: 
628.3307. 
Synthesis of 2b (X= CF3)  
 In THF (10 mL), 1 (0.0955 g, 0.159 mmol) and 4-
(trifluoromethyl)benzaldehyde (0.0576 g, 0.331 mmol) were combined in the dry 
box. In a separate vial, KOtBu (0.0704 g, 0.627 mmol) was dissolved in THF (10 
mL). This was added dropwise to the solution containing the phosphonate 
compound and aldehyde. As it was added, the solution turned dark red. The 
reaction was allowed to stir in dry box for 24 h. The solution was then removed 
from the dry box and CH3OH was added (15 mL). The compound was extracted 
with CH2Cl2 (30 mL) and washed with H2O (3 × 30 mL). The organic layers were 
collected and the solvents were removed. The remaining solid was washed with 
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CH3OH (2 × 20 mL) to yield 0.0230 g (22.5%). Due to the complicated NMR 
spectra, accurate reporting of the spectra was not possible. HRMS M+ calculated 
for C43H44F6: 674.3348. Found: 674.3347. 
Synthesis of 2c (X = Cl)  
 In THF (10 mL), 1 (0.121 g, 0.190 mmol) and 4-chlorobenzaldehyde 
(0.0589 g, 0.419 mmol) were combined in the dry box. In a separate vial, KOtBu 
(0.0470 g, 0.419 mmol) was dissolved in THF (10 mL). This was added slowly 
dropwise to the first solution. Upon addition, the solution turned dark orange. The 
reaction was allowed to stir in the dry box for 18 h. The solution was then 
removed from the dry box and CH3OH was added (15 mL). The compound was 
extracted with CH2Cl2 (30 mL) and washed with H2O (3 × 40 mL). The organic 
layers were collected and the solvents were removed. Further purification was 
carried out by preparative TLC in 90:10 hexane:ethyl acetate to yield 0.0180 g  
(15.9%). 1H NMR (CDCl3, 300 MHz):  δ = 0.44 – 0.72 (m, 10H), 0.99 – 1.09 (m, 
12H), 2.07 (td, 2H; J1 = 6 Hz, J2 = 12 Hz), 2.33 (td, 2H; J1 = 3Hz, J2 = 12 Hz), 
6.96 – 7.15 (m, 3H), 7.34 – 7.40 (m, 7H), 7.46 – 7.55 (m, 5H), 7.64 (d, 1H; J = 16 
Hz) 7.82 –7.90 (m, 2H). 13C NMR (CDCl3, 75 MHz):  δ = 14.08, 22.59, 23.54, 
29.58, 31.45, 40.26, 56.34, 122.18, 123.24, 124.58, 126.29, 126.44, 127.04, 
127.24, 127.77, 127.91, 128.17, 128.99, 129.10, 129.95, 132.90, 133.36, 133.42, 
133.65, 136.24, 136.27, 139.56, 141.25, 147.16, 151.90. HRMS M+ calculated for 
C41H44Cl2: 606.2830. Found: 606.2820. 
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Synthesis of 2d (X = I) 
 In THF (10 mL), 1 (0.138 g, 0.218 mmol) and 4-iodobenzaldehyde (0.111 
g, 0.478 mmol) were combined in the dry box. In a separate vial, KOtBu (0.0537 
g, 0.479 mmol) was dissolved in THF (10 mL). This was added slowly dropwise 
to the solution containing the phosphonate and aldehyde. The reaction was 
allowed to stir in dry box for ~46 h. The solution was then removed from the dry 
box and CH3OH was added (15 mL). The compound was extracted with CH2Cl2 
(35 mL) and washed with H2O (3 × 40 mL). The organic layers were collected 
and the solvents were removed. The compound was rinsed with CH3OH. Further 
purification was carried out by preparative TLC in 95:5 hexane:ethyl acetate with 
a target Rf = 0.67. The molecule was dried in vacuuo to afford 0.0460 g 
(26.6%).1H NMR (CDCl3, 300 MHz):  δ = 0.44 – 0.74 (m, 10H), 0.89 – 1.09 (m, 
12H), 2.07 (td, 2H; J1 = 6Hz, J2 = 12 Hz), 2.32 (td, 2H; J1 = 6Hz, J2 = 12 Hz), 6.93 
– 7.05 (m, 2H), 7.27 – 7.41 (m, 8H), 7.49 – 7.53 (m, 2H) 7.65 – 7.93 (m, 6H). 13C 
NMR (CDCl3, 75 MHz):  δ = 14.11, 22.60, 23.56, 29.59,31.46, 40.28, 56.36, 
93.00, 93.09, 122.19, 123.25, 124.58, 126.30, 126.63, 127.06, 127.28, 128.33, 
128.47, 129.15, 130.10, 132.90, 133.62, 137.25, 137.29, 138.00, 139.60, 141.22, 
147.21, 151.90. HRMS M+ calculated for C41H44I2: 790.1529. Found: 790.1533. 
Synthesis of 2e (X = H)  
 To a solution of 1 (0.147 g, 0.232 mmol) in THF (10 mL) in the dry box, 
benzaldehyde (0.0565 g, 0.532 mmol) was added. In a separate vial, KOtBu 
(0.0597 g, 0.481 mmol) was dissolved in THF (10 mL). This was added slowly 
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dropwise to reaction mixture. The reaction was allowed to stir in dry box for 22 h, 
and then the solution was then removed from the dry box. Methanol was added 
(5 mL) and the compound was extracted with CH2Cl2 (20 mL) and washed with 
H2O (4 × 30 mL). The organic layers were collected and the solvents were 
removed by rotary evaporation. The compound was then rinsed with CH3OH (3 × 
20 mL). Further purification by preparative TLC in 5:1 hexane:CH2Cl2 (target Rf = 
0.15) yielded 0.0398 g (31.9%) yellow solid. 1H NMR (CDCl3, 300 MHz):  δ = 
0.45 – 1.44 (m, 22H), 2.07 (td, 2H; J1 = 6Hz, J2 = 12 Hz), 2.37 (td, 2H; J1 = 6Hz, 
J2 = 12 Hz), 7.00 – 7.14 (m, 2H), 7.28 – 7.72 (m, 16H), 7.88 – 7.95 (m, 2H). 
13C 
NMR (CDCl3, 75 MHz):  δ = 14.08. 22.61, 23.58, 29.62, 31.46, 40.22, 
56.33,122.12, 123.33, 124.57, 125.90, 126.30, 126.65, 126.79, 126.96, 127.07, 
127.66, 127.75, 127.80, 128.91, 130.16, 131.16, 133.07, 133.80, 137.79, 
137.85,139.45, 141.45, 147.03, 151.95. HRMS M+ calculated for C41H46: 
538.3602. Found: 538.3560 
Synthesis of 2f (X = CH3) 
 In THF (10 mL), 1 (0.119 g, 0.188 mmol) and p-tolualdehyde (0.0496 g, 
0.416 mmol) were combined in the dry box. In a separate vial, KOtBu (0.0842 g, 
0.750 mmol) was dissolved in THF (10 mL). This was added slowly dropwise to 
the first THF solution. As the KOtBu was added, the solution turned dark orange. 
The reaction was allowed to stir in dry box for ~46 h. The solution was then 
removed from the dry box and CH3OH was added (15 mL). The compound was 
extracted with CH2Cl2 (30 mL) and washed with H2O (3 × 40 mL). The organic 
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layers were collected and the solvents were removed. The compound was rinsed 
with CH3OH (2 × 20 mL) and was found to be pure. The molecule was dried in 
vacuuo to afford 0.0570 g (53.5%).1H NMR (CDCl3, 300 MHz):  δ = 0.43 – 0.74 
(m, 8H), 1.02 – 1.12 (m, 14H),  2.07 (td, 2H; J1 = 6Hz, J2 = 12 Hz), 2.29 – 2.41 
(m, 8H), 7.06 (t, 2H; J = 18 Hz) 7.22 – 7.25 (m, 4H), 7.33 – 7.57 (m, 9H), 7.64 (d, 
1H; J = 16 Hz), 7.84 – 7.92 (m, 2H). 13C NMR (CDCl3, 75 MHz):  δ = 14.10, 
21.44, 22.64, 23.60, 29.65, 31.48, 40.21, 56.32, 122.10, 123.33, 124.50, 124.97, 
126.21, 126.56, 126.70, 126.92, 126.98, 129.62, 129.64, 129.98, 130.98, 133.09, 
133.81, 135.07, 135.14, 137.64, 137.70, 139.33, 141.56, 146.87, 151.98. HRMS 
M+ calculated for C43H50: 566.3913. Found: 566.3909. 
Synthesis of 2g (X = OCH3) 
 To a solution of 1 (0.114 g, 0.181 mmol) in THF (10 mL) in the dry box, 4-
methoxybenzaldehyde (0.0541 g, 0.397 mmol) was added. In a separate vial, 
KOtBu (0.0445 g, 0.397 mmol) was dissolved in THF (10 mL). This was added 
slowly dropwise to the solution containing the phosphonate and aldehyde. The 
solution turned dark orange as the KOtBu solution was added. The reaction was 
allowed to stir in dry box for 18 h. The solution was then removed from the dry 
box and CH3OH was added (15 mL). The compound was extracted with CH2Cl2 
(30 mL) and washed with H2O (4 × 30 mL). The organic layers were collected 
and the solvents were removed. The compound was then rinsed with CH3OH (2 
× 20 mL). The compound was further purified by preparative TLC in 90:10 
hexane:ethyl acetate to yield 0.0346 g (32.2%) yellow solid. 1H NMR (CDCl3, 300 
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MHz):  δ = 0.44 – 0.75 (m, 10H), 1.03 – 1.11 (m, 12H),  2.08 (td, 2H; J1 = 6Hz, J2 
= 12 Hz), 2.39 (td, 2H; J1 = 6Hz, J2 = 12 Hz), 3.87 (s, 6H), 6.96 – 7.00 (m, 5H), 
7.08 (d, 1H; J = 16 Hz) 7.34 – 7.42 (m, 3H), 7.50 – 7.59 (m, 7H), 7.80 (d, 1H; J = 
16 Hz), 7.90 – 7.93 (m, 1H). 13C NMR (CDCl3, 75 MHz):  δ = 14.13, 22.65, 23.60, 
29.66, 31.50, 40.21, 55.48, 56.30, 114.37, 122.11, 123.31, 123.88, 124.40, 
125.64, 126.13, 126.94, 127.84, 127.99, 129.50, 130.52, 130.70, 130.76, 133.07, 
133.80, 139.22, 141.65, 146.73, 152.00, 159.40, 159.45. HRMS M+ calculated for 
C43H50O2: 598.3811. Found: 598.3818. 
Synthesis of 2h (X = OCH(CH3)2)  
 In THF (10 mL), 1 (0.141 g, 0.222 mmol) and 4-isopropoxybenzaldehyde 
(0.0807 g, 0.489 mmol) were stirred together in the dry box. In a separate vial, 
KOtBu (0.0997 g, 0.885 mmol) was dissolved in THF (10 mL). This was added 
slowly dropwise to the reaction mixture. The reaction was allowed to stir in dry 
box for ~72 h. The solution was then removed from the dry box and CH3OH was 
added (55 mL). The compound was extracted with CH2Cl2 (30 mL) and washed 
with H2O (3 × 40 mL). The organic layers were collected and the solvents were 
removed by rotary evaporation. The compound was then rinsed with CH3OH (2 × 
20 mL). The compound was further purified by preparative TLC in 90:10 
hexane:ethyl acetate (target Rf = 0.62)  to afford 0.0577 g (39.6%) product. 
1H 
NMR (CDCl3, 300 MHz):  δ = 0.42 – 0.75 (m, 8H), 1.01 – 1.10 (m, 12H), 1.37 – 
1.40 (m, 14H), 2.06 (td, 2H; J1 = 6Hz, J2 = 12 Hz), 2.38 (td, 2H; J1 = 4 Hz, J2 = 12 
Hz), 4.59 – 4.62 (m, 2H), 6.93 – 6.97 (m, 5H), 7.06 (d, 1H; J = 16 Hz) 7.32 – 7.40 
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(m, 3H), 7.47 – 7.56 (m, 7H), 7.77 (d, 1H; J = 16 Hz), 7.89 – 7.92 (m, 1H).13C 
NMR (CDCl3, 75 MHz):  δ = 14.11, 22.20, 22.64, 23.59, 29.66, 31.49, 40.19, 
56.28, 70.05, 116.19, 122.07, 123.31, 123.70, 124.37, 125.48, 126.10, 126.88, 
127.84, 127.99, 129.54, 130.44, 130.50, 130.55, 133.07, 133.80, 139.17, 141.67, 
146.68, 151.98, 157.71, 157.78. Anal. Calcd for C47H58O2: C, 86.19; H, 8.93; N, 
0.00. Found: C, 86.15; H, 9.01; N, 0.00. 
Synthesis of 2j (X = N(CH3)2) 
 To a solution of 1 (0.122 g, 0.192 mmol) in THF (10 mL) in the dry box, 4-
dimethylaminobenzaldehyde (0.0630 g, 0.422 mmol) was added. In a separate 
vial, KOtBu (0.0862 g, 0.768 mmol) was dissolved in THF (10 mL). This was 
added slowly dropwise to the solution containing the phosphonate and aldehyde. 
The solution turned bright green as KOtBu was added. The reaction was allowed 
to stir in dry box for ~72 h. The solution was then removed from the dry box and 
CH3OH was added (15 mL). The compound was extracted with CH2Cl2 (30 mL) 
and washed with H2O (3 × 40 mL). The organic layers were collected and the 
solvents were removed. The compound was then rinsed with CH3OH (2 × 20 
mL). Further purification by preparative TLC in 90:10 hexane:ethyl acetate (target 
Rf = 0.52) yielded 0.0732 g (60.9%). 
1H NMR (CDCl3, 300 MHz):  δ = 0.44 – 0.76 
(m, 10H), 1.03 – 1.12 (m, 12H), 2.07 (td, 2H; J1 = 6Hz, J2 = 12 Hz), 2.41 (td, 2H; 
J1 = 4 Hz, J2 = 12 Hz), 3.03 (s, 12 H), 6.79 – 6.82 (m,4H), 7.04 (t, 2 H; J = 16.5 
Hz) 7.32 – 7.41 (m, 3H), 7.47 – 7.57 (m, 7H), 7.70 – 7.77 (m, 1H), 7.94 – 7.97 
(m, 1H), 8.66 – 8.71 (m, 1H).13C NMR (CDCl3, 75 MHz):  δ = 14.15, 22.67, 23.64, 
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29.72, 31.52, 40.19, 40.70, 56.26, 112.73, 121.81, 122.02, 123.35, 123.44, 
123.63, 124.17, 125.89, 126.54, 126.68, 126.79, 127.37, 127.69, 127.83, 129.71, 
130.80, 133.14, 133.83, 138.92, 141.94, 146.38, 150.13, 152.07. HRMS M+ 
calculated for C45H56N2: 624.4443. Found: 624.4440. 
Synthesis of 3h (X = OCH(CH3)2) 
 In the dry box, tetraethyl p-xylylenediphosphonate (0.100 g, 0.264 mmol) 
and 4-isopropoxybenzaldehyde (0.0960 g, 0.581 mmol) were combined in THF 
(10 mL). In a separate vial, KOtBu (0.0741 g, 0.661 mmol) was dissolved in THF 
(10 mL). This was slowly added dropwise to the first solution; as it was added, 
the reaction mixture turned transparent yellow. The reaction stirred under 
nitrogen at room temperature for 22 h. Methanol (20 mL) was then added to the 
reaction mixture, and a pale green precipitate immediately formed. After filtration 
through a fritted funnel, 0.0777 g (74.0%) of a green solid was collected; mp 249 
– 252 °C. 1H NMR (CDCl3, 300 MHz):  δ = 1.34 (d, 12H; J = 6.0), 4.58 (m, 2H), 
6.86 – 6.88 (m, 4H), 7.00 (d, 1H; J = 16 Hz), 7.06 (d, 1H; J = 16 Hz), 7.42 – 7.46 
(m, 10H).13C NMR (CDCl3, 75 MHz):  δ = 22.16, 70.01, 116.09, 126.21, 126.61, 
127.81, 128.01, 130.04, 136.73, 157.70. HRMS M+ calculated for C28H30O2: 
398.2246. Found: 398.2240. 
General spectroscopic methods  
 Absorption spectra were recorded on a Varian Cary 50 Bio absorption 
spectrophotometer and photoluminescence (PL) spectra were recorded on a 
Varian Cary Eclipse fluorescence spectrophotometer. Samples for all 
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absorbance and PL spectra were prepared in Spectrosil quartz cuvettes having a 
path length of 1 cm. The solvents for all optical measurements were purified and 
made anhydrous/anaerobic by passage through alumina columns under an N2 
atmosphere by using an MBraun solvent purification system. Photoluminescence 
quantum yields were measured relative to quinine bisulfate (Φ = 0.564) in 1 N 
aqueous sulfuric acid.25 
 
Results and discussion 
Design and synthesis 
 One of the attractive features of 9,9-dialkyl-1,4-fluorenylene as a building 
block for potential NLO materials is that an asymmetric chromophore is produced 
 
 
Scheme 5.1. Synthetic routes to 2 and 3 (R = hexyl, Et = ethyl). 
 
1 
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in a single synthetic step when the same chromophore is added to both the 1- 
and 4-positions (Scheme 5.1). This is in contrast to the commonly used 1,4- 
phenylene unit, where a different chromophoric unit must be added to the 1- and 
4-positions (i.e., X ≠ Y in I, Figure 5.1) to produce an asymmetric molecule, thus 
requiring additional synthetic steps. Beyond the synthetic ease with which 
asymmetric chromophores can be prepared, the 9,9-dialkyl-1,4-fluorenylene 
moiety also benefits from the ready variability of alkyl at the 9-position. Varying 
the alkyl groups could be used to control crystal packing geometry and thus 
dipole alignment, key determinants of NLO properties.   
 As a first step towards understanding how the properties of 9,9-
distyrylfluorene chromophores may differ from their 1,4-distyrylbenzene 
analogues, series 2 and 3 (Scheme 5.1) were targeted for synthesis and 
photochemical characterization.  
 These specific identities of X substituents was employed in order to 
provide a set of molecules with a range of electron-donating and -withdrawing 
substituents, as quantified by the Hammett substituent constants (Table 5.1).26 
The bis(phosphonate ester) 119 was a convenient common starting material for 
the preparation of series 2 via Horner-Wittig type condensation between 
commercially available benzaldehyde derivatives and KOtBu under nitrogen. 
Molecules 2a – 2j were isolated in analytically pure form by preparative TLC on 
silica eluting with hexane/ethyl acetate or hexane/methylene chloride in yields of 
15 – 74%.  
 105 
 
 The reference molecules 3a – j were likewise synthesised via Horner-
Wittig condensation employing p-xylylenediphosphonic acid tetraethyl ester and 
the corresponding benzaldehydes. 
Photophysical properties  
 When evaluating the photophysical properties of 2 and 3, one of the 
primary goals was to reveal the effect of asymmetry and greater steric 
encumbrance present in series 2 as compared to 3. The electronic absorption in 
the UV/visible range, photoluminescence emission, photoluminescence quantum 
yields, and Stokes shifts were therefore determined for reference molecules (3) 
and fluorene derivatives (2). Furthermore, each of these properties was 
measured in solvents of variable polarity (CH3CN, CH2Cl2, THF, and CH3Ph) to 
observe any potential solvatochromic effects. These data are summarized in 
Table 5.1. Hammett substituent constants for relevant functional groups.
26 
Substituent para 
NO2 0.78 
CF3 0.54 
Cl 0.23 
I 0.18 
H 0.00 
CH3 -0.17 
OCH3 -0.27 
OCH(CH3)2 -0.45 
N(CH3)2 -0.83 
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Tables 5.2 (compounds 2) and Table 5.3 (compounds 3). 
 Both series 2 and 3 exhibit the same trends in max as a function of the 
identity of X. Regardless of solvent, the greatest deviation from the max of 2e (X 
= H), which lacks electron donating or withdrawing groups, is found in the 
molecules containing resonance donor or acceptor groups (2a, 2g – 2j; X = NO2, 
OCH3, OCH(CH3)2, and N(CH3)2, respectively). As the resonance donating or 
accepting capacity of X increased, max also increased. For example, in CH3CN, 
max = 344 nm for 2e (X = H), whereas max increased from 354 nm to 371 nm as 
the donicity of X increased from OCH3 to to N(CH3)2. In contrast, the variation in 
max is very small for molecules with inductive donor/acceptor molecules (i.e. 2b -
2d, 2f).    
 Similar trends are seen in the photoluminescence data, but are more 
pronounced compared to the absorption data. For example, for series 2 in 
CH2Cl2, it can be seen that the em varies from 564 nm for 2a to 490 nm for 2j. 
The change in em for 2b – 2d is less dramatic than the difference between 2a 
and 2g, 2h, and 2j. As with max, the molecules with inductive donor or acceptor 
end groups do not exhibit significant deviation from 2e (X = H), while the 
molecules with resonance donating or accepting groups vary up to 188 nm. 
Compounds 2g – 2j increase in resonance donating strength; the em 
correspondingly increase with increasing electron donicity. No observable trend 
is found for photoluminescence quantum yields () for series 2 and series 3. 
Additionally, solubility issues precluded calculation of quantum yield in some 
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cases (see Table 5.3). 
 The series were tested in four different solvents in order to understand any 
solvent effects on the photophysical properties of the molecules. 
Solvatochromism describes a change in photophysical properties (e.g. em and 
max) when solvent polarity changes from one solvent to another.
27 The only 
molecules that exhibited significant solvatochromism were those having the 
strongest donor (N(CH3)2) or acceptor (NO2) substituents, namely 2a, 2j, 3a, and 
3j. In a very polar solvent (CH3CN), max = 391 nm for 2a versus 380 nm in a less 
polar solvent (i.e. CH3Ph). This is expected because upon excitation, the dipole 
moment of the molecule increases. A more polar solvent better stabilizes the 
excited state than the ground state, so the energy between ground and excited 
state is smaller.27,28 A similar effect is seen in the em; as the solvent polarity 
increases, the em is lower in energy (red-shifted wavelengths). The reason for 
this is solvent relaxation, which occurs when solvent molecules reorient to 
stabilize an excited state dipole moment and, as a result, the energy of the 
excited state is lowered, leading to longer wavelengths for em.
27 Since X = NO2 
and N(CH3)2 for 2/3a and 2j, respectively, it is likely that the strong resonance 
contributions from these molecules lead to this excited state dipole moment, and 
thus solvent relaxation is likely. For example, for 2a in CH3Ph em = 465, while in 
CH3CN, em = 591, a solvatochromic red-shift of 126 nm. The analogous 
solvatochromic effects in em for 2j and 3a are 46 nm and 99 nm, respectively. 
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Table 5.2. Photophysical data for 2a – 2j in 4 different solvents. 
 
Solvent max em 

Stokes' Shift 
(nm) 
2a CH3CN 391 591 0.06
a 
200 
X = NO2 CH2Cl2 393 564 0.24 171 
 
THF 391 500 0.22 109 
 
CH3Ph 380 465 0.06
a 
85 
2b CH3CN 344 415 0.45 71 
X = CF3 CH2Cl2 346 417 0.50 71 
 
THF 344 416 0.60 72 
 
CH3Ph 344 418 0.72 74 
2c CH3CN 344 411 0.59 67 
X = Cl CH2Cl2 351 414 0.99 63 
 
THF 350 413 0.72 63 
 
CH3Ph 350 415 0.76 65 
2d CH3CN 351 419 0.23 68 
X = I CH2Cl2 351 418 0.24 67 
 
THF 353 420 0.26 67 
 
CH3Ph 352 422 0.27 70 
2e CH3CN 344 403 0.65 59 
X = H CH2Cl2 345 408 0.70 63 
 
THF 345 406 0.88 61 
 
CH3Ph 345 408 0.63 63 
2f CH3CN 346 410 0.60 64 
X = CH3 CH2Cl2 352 417 0.61 65 
 
THF 350 411 0.72 61 
 
CH3Ph 348 413 0.50 65 
2g CH3CN 354 421 0.35 67 
X = OCH3 CH2Cl2 359 423 0.59 64 
 
THF 357 422 0.41 65 
 
CH3Ph 358 423 0.64 65 
2h CH3CN 357 427 0.31 70 
X = CH2Cl2 359 428 0.42 69 
OCH(CH3)2 THF 358 426 0.50 68 
 
CH3Ph 359 425 0.66 66 
2j CH3CN 371 520 0.05 149 
X = CH2Cl2 374 490 0.11 116 
N(CH3)2 THF 376 492 0.11 116 
 
CH3Ph 383 474 0.23 91 
 
a
 Poor solubility of the molecule in solvent. 
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Table 5.3. Photophysical characterization of reference molecules 3a – 3j. 
 
Solvent max em 

Stokes' Shift (nm) 
3a CH3CN 397 577 0.32 180 
X = NO2 CH2Cl2 402 540 0.43 138 
 
THF 400 488 0.13 88 
 
CH3Ph 397 478 0.03 81 
3b CH3CN 356 415 0.57 59 
X = CF3 CH2Cl2 358 417 0.82 59 
 
THF 360 416 0.76 56 
 
CH3Ph 361 418 0.92 57 
3c CH3CN 357 415 N/A
a 
58 
X = Cl CH2Cl2 360 418 0.92 58 
 
THF 360 417 0.88 57 
 
CH3Ph 362 420 N/A
a
 58 
3d CH3CN -- -- -- -- 
X = I CH2Cl2 367 426 0.67 59 
 
THF 367 423 0.52 56 
 
CH3Ph 368 426 N/A
a
 58 
3e CH3CN 351 407 0.72 56 
X = H CH2Cl2 355 411 0.92 56 
 
THF 354 411 0.81 57 
 
CH3Ph 356 413 0.98 57 
3f CH3CN 357 415 N/A
a
 58 
X = CH3 CH2Cl2 361 418 0.80 57 
 
THF 361 417 0.97 56 
 
CH3Ph 361 419 0.99 58 
3g CH3CN 363 423 N/A
a
 60 
X = OCH3 CH2Cl2 368 428 0.80 60 
 
THF 367 426 0.99 59 
 
CH3Ph 369 426 N/A
a
 57 
3h CH3CN 367 428 0.94 61 
X = CH2Cl2 369 434 0.84 65 
OCH(CH3)2 THF 368 430 0.91 62 
 
CH3Ph 371 408 N/A
a
 37 
3j CH3CN 396 499 0.41 103 
X = CH2Cl2 404 478 0.53 74 
N(CH3)2 THF 399 479 0.56 80 
 
CH3Ph 402 451 0.76 49 
 
a
 Poor solubility of the molecule in solvent. 
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 Another component of the photophysical data to evaluate is the Stokes’ 
shift. This describes the extent to which the structure reorients between the 
ground and excited state. In the cases where there are strong resonance donor 
or acceptor groups in polar solvents (i.e. 2a and 2j), the Stokes’ shift is notably 
higher, which would be expected because of the resonance contributions in the 
excited state. This effect becomes less pronounced as the solvent polarity 
decreases, as expected. 
 Although the trends for 2 and 3 generally mirror each other, there are 
some notable differences. For series 3 molecules, the max is shifted to the red by 
6 to 30 nm. The reason this is observed is most likely due to the steric barrier to 
coplanarization of the styryl group and fluorenylene unit in 2. This supposition is 
supported by single crystal X-ray diffraction and Density Functional Theory (DFT) 
calculations at the B3LYP/6-31G* level. Both calculated and measured torsional 
angles suggest an angle of 20 to 30° between the fluorene  system and that of 
the olefinic unit attached to the 1- and 4-position of the fluorene unit, respectively. 
In contrast, the corresponding torsional angles between the central phenylene 
and the styryl olefins in model compounds 3a are <10°.  Structural features are 
discussed in more detail in a separate section (vide infra). 
 One notable difference between fluorenylene derivatives 2 and phenylene 
derivatives 3 is that compounds 2 have the possibility for extension of -
conjugation onto the second six-membered ring of the fluorenylene moiety. If this 
extension of electron density in this manner contributed significantly to the 
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HOMO or LUMO, this could also be a contributor to different photophysics of 2 
versus 3. The ground state HOMO distributions for 2a, e, and j, and 3a, e, and j 
as determined by DFT calculations at the B3LYP/6-31G(d) level, are shown in 
Figure 5.2. The calculations suggest that only the HOMO of 2a features any 
appreciable occupancy in the ground state. None of the LUMOs (see supporting 
information) feature appreciable occupancy on the six-membered ring that is 
 
 
 
Figure 5.2 HOMO parameters from DFT calculations (B3LYP-6-31G* level). For 2a, 2e, and 
2j, the hexyl substituents on C-9 were truncated to methyl groups for simplification of 
calculations.  
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outside the main-chain conjugated system.  
Electrochemical Properties 
 Cyclic voltammetry (CV) was performed on 2 (except 2c and 2d) to 
determine the relationship between oxidation potential and substituent electron-
donating or -withdrawing ability. Compound 2a exhibited an irreversible oxidation 
at 1.21 V, which was the highest potential measured for the series and consistent 
with NO2 being the most electron-withdrawing substituent (Table 5.4). In addition, 
2a exhibited a quasireversible reduction at –1.56 V, and was the only compound 
for which this process could be observed. Replacing NO2 with the weaker σ-
withdrawing CF3 will raise the energy of the HOMO and thus lower the oxidation 
potential. Indeed, 2b exhibited an irreversible oxidation at 0.976 V, more than 0.2 
V below that of 2a. In contrast to 2a–b, the oxidations of 2e and 2f were both 
quasireversible at 0.823 V and 0.784 V, respectively, with the σ-donating CH3 
substituent lowering the oxidation potential relative to the baseline H. 
Table 5.4. Electrochemical properties for 2. 
X = σpara E1/2 λmax 
NO2 0.78 –1.56, (1.21) 393 
CF3 0.54 (0.976) 346 
H 0.00 0.823 345 
CH3 –0.17 0.784 352 
OCH3 –0.27 0.619, 0.739 359 
OCH(CH3)2 –0.45 0.603, 0.679 359 
N(CH3)2 –0.83 0.217 374 
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Interestingly, two quasireversible oxidations were observed in both 2g and 2h, 
with those for methoxy-functionalized 2g occurring at slightly higher energies and 
a greater separation (E1/2 = 0.619 and 0.739 V, ΔE = 120 mV) than isopropoxy-
functionalized 2h (E1/2 = 0.603 and 0.679 V, ΔE = 76 mV). The most electron-
donating substituent of the series, N(CH3)2, afforded 2j the lowest oxidation 
potential (E1/2 = 0.217 V), albeit as a single peak. 
 Although the various photophysical properties of 2 and 3 (λmax, λem, Φ, 
Stokes shift) did not show a clear correlation with σpara, the oxidation potentials of 
2a–b and 2e–2j decreased according to the electron-withdrawing or -donating 
nature of their substituents. Plotting oxidation potential vs. σpara (Fig 5.3) revealed 
a nearly linear correlation that could be fit via linear regression analysis (slope = 
0.54, intercept = 0.78, R2 = 0.92). With this model, it is possible to anticipate the 
oxidation potential of an unknown derivative of 2 based on the tabulated σpara of 
its X substituent, thus enabling a more rational approach to design. Similar 
analysis of λmax vs. σpara has limited predictive utility given how poorly the model 
 
Figure 5.3. Relationship between oxidation potential and the Hammet parameter para for 
series 2. Linear regression analysis: slope = 0.54, y-intercept = 0.78, R
2
 = 0.92. 
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fits the data (R2 < 0.2, not shown). 
 Optical bandgap energies (Eopt) were determined for 2a–b and 2e–2j from 
the onset of absorption in CH2Cl2, which fell within a range of 2.65–3.09 eV 
(Table 5.5). Ionization potential energies (EIP) were obtained from the onset of 
oxidation measured in the differential pulse voltammogram (DPV) for each 
compound. The EIP values for 2 increased monotonically with electron-donating 
ability of the X substituent. Electron affinity (EA) values could then be calculated 
using the equation EA = EIP – Eopt. The reduction potential obtained from 
electrochemical analysis of 2a, corresponds to an EA = 3.38 eV, which is in good 
agreement with the value calculated using EIP and Eopt (3.10 eV). 
Single Crystal X-ray Diffraction 
 One of the important structural features of interest in materials whose 
target application is in optoelectronics is the effective conjugation length. 
Although solution-phase measurements are important, solid-state properties are 
Table 5.5. Optical bandgap and HOMO/LUMO energies for 2. 
X = Eopt EIP EA   
NO2 2.65 5.75 3.10   
CF3 2.99 5.65 2.66   
H 3.09 5.49 2.40   
CH3 3.02 5.46 2.44   
OCH3 2.98 5.30 2.32   
OCH(CH3)2 2.95 5.27 2.32   
N(CH3)2 2.68 4.92 2.24   
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more relevant to device applications. We therefore sought to obtain experimental 
structures of new compounds 2 for comparison to solid-state structures of 
analogues 3 that are reported in the literature. We were able to obtain single 
crystals of 2a and 2f and subsequently analysed them by single crystal X-ray 
diffraction. The gross structural features are indicated in Figure 5.4, and full 
refinement details are provided in the supporting information. The extent of -
conjugation along the molecule can be qualitatively assessed by examining the 
dihedral angles between adjacent segments along the chain. In the case of 2a 
and 2f, the greatest steric deflections from coplanarity of adjacent segments is 
observed between the vinylene units and the fluorenylene ring to which they are 
A) 
 
B) 
 
Figure 5.4.  Gross structural features of individual; molecules of 2a (A) and 2f (B) as 
determined by single crystal X-ray diffraction. H atoms and are omitted and disordered hexyl 
chains are truncated for clarity. Full numbering scheme and refinement details are provided in 
the supporting information. 
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attached. The dihedral angles determined from the X-ray diffraction structures of 
2 and previously-reported structures of 3 are provided in Table 5.6. Nitro-
substituted 2a exhibits dihedral angles of 30° and 21° between the fluorenylene 
and the vinylene attached to the 1- and 4-positions, respectively. These dihedral 
angles are notably higher than those observed in the X-ray diffraction structure of 
3a,29 which is nearly planar with dihedral angles of only about 2° between the 
central phenylene unit and attached vinylene moieties. Methyl-substituted 2f 
exhibits a dihedral angle between the fluorenylene and the vinylene at the 1-
position (27°) that is quite similar to that observed in 2a (30°), but a somewhat 
larger dihedral angle (30°) for the 4-position vinylene than those observed for 2a 
(21°). This smaller angle for 2a may be expected because the presence of 
strongly resonance-accepting nitro groups in 2a would be expected to lead to a 
greater contribution of the quinoidal (planar) resonance form. The dihedral angle 
Table 5.6 Comparison of vinylene-central aryl ring dihedral angles determined by 
X-ray diffraction or predicted by DFT calculations 
  Dihedral Angles (°)
a 
X-ray 
Compound X = X-ray DFT Reference 
2a NO2 30, 21 30, 23 This work 
2f CH3 27, 30 27, 35 This work 
3a NO2 2 1 29 
3f CH3 9 0 30 
3j N(CH3)2 10 8 31 
 
a
 For 2, the dihedral angle between the fluorenylene 1-position is listed first, 
followed by that at the 4-position 
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in 2f is also larger than that observed in phenylene analogue 3f (9°).30 For both 
fluorenylene compounds 2 and phenylene derivatives 3, there is good agreement 
between dihedral angles measured in the solid state by X-ray diffraction and 
predicted from the minimized geometries determined by DFT calculations (Table 
5.6), at least in the limited number of cases where X-ray diffraction data are 
available.31 
  Another important property of crystals when considering their 
optoelectronic applications is the solid-state packing of the molecules. How the 
molecular dipoles align, for example will dictate to large extent the viability of the 
A) 
 
B) 
 
 
Figure 5.5.  Significant -stacking (A) and hydrogen bonding (B) interactions in the crystal 
packing of 2a. Hexyl groups at the 9-position of the fluorine ring and all H atoms are omitted 
for clarity. 
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crystals in some NLO applications, whereas the extent of -stacking in the 
molecule will dramatically influence the solid state photoluminescence and 
electrical conductivity, etc.  
  Compound 2a exhibits -stacking and hydrogen bonding interactions that 
are noteworthy in the crystal packing. Significant -stacking interactions in 2a are 
highlighted in Figure 5.5a, and distances between the carbon atoms indicated in 
Figure 5.5 are provided in Table 5.7. Hydrogen bonding between the oxygen 
atoms in a nitro group and aryl H atoms is well-established and is an important 
contributor to the crystal packing in nitroaromatics.32,33 In compound 2a, this type 
of hydrogen bonding is observed between one molecule’s O1 and O2 atoms with 
C24 and C25, respectively, in another molecule. A total of four hydrogen bonds 
are thus responsible for holding each molecule in the crystal in a dimer of the 
type shown in Figure 5.5b. Note that the intermolecular interactions (indicated by 
dashed lines in Figure 5.5) are drawn between the oxygen atoms and the carbon 
atoms, rather than between oxygen and carbon. This is because the low amount 
of electron density around hydrogen atoms makes it difficult to conclusively 
 
Figure 5.6.  Significant -stacking interactions in the crystal packing of 2f. Hexyl groups at the 9-
position of the fluorine ring and all H atoms are omitted for clarity. 
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determine the position of hydrogen atoms directly, and as a result the literature 
on nitro-aryl hydrogen bonding in X-ray diffraction studies uses the O-C distance 
to approximate the strength of the hydrogen bond. The hydrogen bonding in 2a is 
towards the weaker end of the spectrum. Stronger nitro-aryl hydrogen bonding 
occurs when the aryl unit has additional electron-donating substituents. In such 
cases, the C-O distances can be as short as 3.155 Å,34 compared to the 
distances of 3.453 and 3.464 Å observed in 2a.       
  Unlike 2a, compound 2f does not feature moieties capable of hydrogen 
bonding, so the most identifiable intermolecular force manifest in the crystal 
packing is -stacking. Figure 5.6 summarizes the major potential -stacking 
interactions observed by X-ray diffraction. As in 2a, all of the -stacking 
interactions are of the offset face-to-face variety with distances (Table 5.7) in the 
average range for interaction between two phenyl rings that lack strongly 
electron-donating or -withdrawing substituents. 
 
 
Table 5.7. Select intermolecular distances in 2a and 2f from X-ray diffraction data.  
Compound Atoms Distance (Å)
  
2a C16
…
C4  3.551 
 C21
…
C3  3.589 
 C16
…
C27  3.516 
 C14
…
C25  3.412 
 O1
…
C9  3.453 
 O2
…
C8  3.464 
2f C7
…
C7  3.476 
 C20
…
C27  3.548 
 C21
…
C26  3.490 
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Conclusions 
  A series of chromophores incorporating 9,9-dihexyl-1,4-fluorenylene 
segments were synthesised using a facile route. The molecules exhibited 
differences in photophysical behaviour compared to analogous 1,4-phenylene-
spaced analogues, including larger Stokes’ shifts and lower fluorescence 
quantum yields. Trends for 2 and 3 demonstrate that the greater steric 
encumbrances in 2 compared to 3 do not, however, significantly alter the general 
trends in photophysical structure-property relationships that have been 
established for well-studied phenylene-spaced chromophores. Solvatochromism 
of 2 and 3 provide additional support for similar behaviour of the two systems in 
response to their chemical environments. DFT calculations on HOMO/LUMO 
distributions further confirm that the gross orbital geometries of the 1,4-
fluorenylene-bearing chromophores are similar to those of 1,4-phenylene-bearing 
chromophores in most cases.  Electrochemical oxidation potentials for 2 
properties were found to correlate linearly with the para appended substituents,  
portending a reasonable predictability of electrochemical properties that would be 
observed for analogues of 2 bearing other electron-donating or –withdrawing 
substituents. Current efforts are underway to asymmetrically-substituted 
analogues of 2 bearing donor  and acceptor units of varying strengths with the 
aim of elucidating the performance of 1,4-fluorenylene-scaffolded push-pull 
chromophores. 
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Supporting Information 
 
  
 
 
Figure S5.1. Normalized absorbance spectra for 2a – 2j.  
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Figure S5.2. Normalized absorbance spectra for 3a – 3j.  
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Figure S5.3. Normalized photoluminescence spectra for 2a – j. 
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Figure S5.4. Normalized photoluminescence spectra for 3a – j.  
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Figure S5.5. Proton NMR spectrum of 2a (CDCl3, 300 MHz). 
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Figure S5.6. Carbon-13 NMR spectrum of 2a (CDCl3, 75MHz). 
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Figure S5.7. Proton NMR spectrum of 2b (CDCl3, 300 MHz). 
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Figure S5.8. Carbon-13 NMR spectrum of 2b (CDCl3, 75MHz). 
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Figure S5.9. Proton NMR spectrum of 2c (CDCl3, 300 MHz). 
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Figure S5.10. Carbon-13 NMR spectrum of 2c (CDCl3, 75MHz). 
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Figure S5.11. Proton NMR spectrum of 2d (CDCl3, 300 MHz). 
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Figure S5.12. Carbon-13 NMR spectrum of 2d (CDCl3, 75MHz). 
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Figure S5.13. Proton NMR spectrum of 2e (CDCl3, 300 MHz). 
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Figure S5.14. Carbon-13 NMR spectrum of 2e (CDCl3, 75MHz). 
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Figure S5.15. Proton NMR spectrum of 2f (CDCl3, 300 MHz). 
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Figure S5.16. Carbon-13 NMR spectrum of 2f (CDCl3, 75MHz). 
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Figure S5.17. Proton NMR spectrum of 2g (CDCl3, 300 MHz). 
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Figure S5.18. Carbon-13 NMR spectrum of 2g (CDCl3, 75MHz). 
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Figure S5.19. Proton NMR spectrum of 2h (CDCl3, 300 MHz). 
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Figure S5.20. Carbon-13 NMR spectrum of 2h (CDCl3, 75MHz). 
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Figure S5.21. Proton NMR spectrum of 2j (CDCl3, 300 MHz). 
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Figure S5.22. Carbon-13 NMR spectrum of 2j (CDCl3, 75MHz). 
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Figure S5.23. Proton NMR spectrum of 3h (CDCl3, 300 MHz). 
 
Figure S5.24. Carbon-13 NMR spectrum of 3h (CDCl3, 75MHz). 
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Figure S5.25. LUMO parameters from DFT calculations (B3LYP-6-31G* level). For 2a – 2j, 
the hexyl substituents on C-9 were truncated to methyl groups for simplification of 
calculations.  
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Figure S5.26. Cyclic voltammogram for 2a. 
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Figure S5.27. Cyclic voltammogram for 2b. 
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Figure S5.28. Cyclic voltammogram for 2e. 
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Figure S5.29. Cyclic voltammogram for 2f. 
 
Figure S5.30. Cyclic voltammogram for 2g. 
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Figure S5.31. Cyclic voltammogram for 2h. 
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Figure S5.32. Cyclic voltammogram for 2j. 
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Table S5.1. Refinement details for compound 2a.  
Empirical formula  C41H44N2O4 
Formula weight (g/mol) 628.78 
Temperature (K)  163 (2) 
Wavelength (Å)  0.71073 
Crystal system   Triclinic 
Space group  P-1  
Unit cell dimensions 
 a (Å)  10.771(4) 
 b (Å)  12.902(5) 
 c (Å)  14.467(6) 
 α (deg)  114.478(5) 
 β (deg)  91.822(6) 
 γ (deg)  107.997(5) 
Volume (Å
3
)  1710.3(12) 
Z   2 
Calculated density (Mg/m
3
) 1.221  
Absorption coefficient (mm
-1
) 0.078  
F(000)   672  
Crystal size (mm)  0.20 × 0.09 × 0.05 
Crystal color and shape orange, irregular 
Θ range for data collection (deg)  2.21 - 18.97 
Limiting indices  -14 < h < 14 
   -16 < k < 16 
   -18 < l < 18  
Reflections collected  7976 
Independent reflections 2270 
Completeness to Θ  25.10 (99.5 %) 
Max. transmission  0.6975 
Min. transmission         0.5175  
Refinement method  Full-matrix least-squares on F
2
  
Data / restraints / parameters 7976/0/438  
Goodness of fit on F
2
  0.916 
Final R indices (I > 2σ(I)) 
 R1  0.0969 
 wR2  0.2391  
R indices (all data) 
 R1  0.2965 
 wR2  0.3490 
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Table S5.2. Refinement details for compound 2f. 
Empirical formula  C43H50 
Formula weight (g/mol) 566.83 
Temperature (K)  160 (2) 
Wavelength (Å)  0.71073 
Crystal system   Monoclinic 
Space group  C2/c  
Unit cell dimensions 
 a (Å)  31.617(8) 
 b (Å)  15.289(3) 
 c (Å)  14.801(3) 
 α (deg)  90.00 
 β (deg)  108.297(6) 
 γ (deg)  90.00 
Volume (Å
3
)  6793(3) 
Z   8 
Calculated density (Mg/m
3
) 1.109 
Absorption coefficient (mm
-1
) 0.062  
F(000)   2464  
Crystal size (mm)  0.26 × 0.16 × 0.04 
Crystal color and shape orange needle 
Θ range for data collection (deg)  2.48 – 18.10 
Limiting indices  -37 < h < 37 
   -18 < k < 18 
   -17 < l < 17  
Reflections collected  5987 
Independent reflections 2658 
Completeness to Θ  25.10 (99.5 %) 
Max. transmission  0.6975 
Min. transmission         0.5175  
Refinement method  Full-matrix least-squares on F
2
  
Data / restraints / parameters 4179/0/277  
Goodness of fit on F
2
  1.002 
Final R indices (I > 2σ(I)) 
 R1  0.0682 
 wR2  0.1543  
R indices (all data) 
 R1  0.01780 
 wR2  0.2268 
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CHAPTER SIX 
A NOVEL APPROACH TO THE SYNTHESIS OF ASYMMETRICALLY-
SUBSTITUTED AROMATIC -CONJUGATED CHROMOPHORES¥  
 
Introduction 
 In recent years, interest in synthesizing molecules with both donor and 
acceptor groups has grown, in large part due to the fact that these types of 
asymmetric molecules have applications in different fields of technology (e.g., 
photon non-linear optics).1-3 Among the types of scaffolds that have been 
investigated, 4,4’-distyrylbenzene (DSB) molecules have been extensively 
studied system. Much interest in symmetrically-substituted DSBs (i.e., the same 
group on the 4- and 4’- positions) stems from employing them as oligomeric 
systems for modeling larger marcromolecules and polymers for optoelectronic 
applications. In addition to symmetric DSBs, increasing attention has been given 
to asymmetrically-substituted DSBs, and different routes to achieve the 
asymmetic substitution.4,5 These asymmetric molecules are of interest in a 
variety of applications, including non-linear optics (NLO).1,6 
 Currently, one of the major procedures used in several studies5,7 to 
synthesize DSB-type derivatives is a five-step synthesis that involves synthesis  
 
¥
To be submitted to Org. Lett.in Spring 2013. 
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of a phosphonium salt, Wittig reaction with an aldehyde to substitute this salt, 
radical bromination of a benzylic methyl para to the substituted position, and then 
a second substitution of a phosphonium group on the benzylic bromomethyl, 
followed by a second Wittig reaction. Other more complex syntheses have also 
been reported8,9 involving use of the metal catalysts, which, from an economic 
standpoint, is not as desirable for synthesis of asymmetrically-substituted 
molecules.  
 Phosphonium ylides have attracted much attention due to their 
applications in biologically-relevant molecules.10 Since earlier reports of the ability 
to synthesize simple phosphonate ylides (Figure 6.1a, n = 1)11 efforts have been 
directed toward exploring these types of compounds for obtaining phosphorous 
analogues of sugars, nucleosides, etc.4,12 More recently, cationic lipids using 
phosphonium groups (Figure 6.1a) were synthesized; the main focus of the study 
was to develop new non-toxic vectors that could be used to complex DNA.13 
Interestingly, beyond the biological applications, it does not appear that aromatic 
systems with -substitution of phosphonium and phosphonate groups have 
 
Figure 6.1. Reported and target molecules containing phosphonate and phosphonium 
functional groups. 
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been investigated for different functional group reactivity. We envisioned that the 
ability to modify aromatic conjugated systems with different substituents in this 
way could be a useful route for the synthesis of countless conjugated 
chromophores.  
 We therefore wanted to investigate the potential for carrying out this same 
type of synthesis with a phenylene spacer between phosphonium and 
phosphonate moities (Figure 6.1b) and then extend the route to a 1,4-
dibromomethylfluorene spacer (Figure 6.1c). An aromatic system containing both 
a phosphonium and a phosphonate group was desired for its ability to serve as a 
precursor to pi-conjugated systems that could be asymmetrically substituted via a 
Wittig – Horner-Wittig sequence. This strategy relies on differences in reaction 
rate for formation of phosphonium ylide versus deprotonation of the phosphonate 
-carbon. 
 If asymmetric substitiuon is possible, then -conjugated molecules with 
both a donor and an acceptor functional group (e.g., NO2 and OCH3) could be 
synthesized easily. Our investigation included the use of the 1,4-
dibromomethylfluorene system because of the unique geometry and properties of 
this fluorene derivative, as enumerated in prior chapters.14,15,16 The hexyl chains 
on the fluorene extend perpendicular to the plane of the conjugated ring sytem, 
thus occupying more space and potentially influencing the packing of the 
molecules compared to distyrylbenzene (DSB) analouges. The way the 
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molecules behave in the solid state will also influence their properties, including 
non-linear optical properties. 
 With all these factors in mind, we wanted to synthesize a 1,4-substituted 
fluoreneylene chromophore along with the analogous DSB by our proposed route 
and evaluate the chemical and photophysical properties of these molecule. For 
the initial test reported herein, we chose a nitro and methoxy group as our 
acceptor and donor, respectively.  
 
 
Experimental 
General Methods 
Reagents were obtained from Aldrich Chemical Co., TCI America, Acros 
or Alfa Aesar and used without further purification. Air sensitive reactions were 
carried out in solvents purified by passage through alumina columns under a dry 
N2 atmosphere employing an MBraun solvent purification system. Air sensitive 
operations were done in an MBraun dry box or by using standard Schlenk line 
techniques under N2. NMR spectra were obtained using a Jeol 300 spectrometer 
operating at 300 MHz for protons. All spectra were collected at 25°C and 
referenced to residual solvent signals. Compounds 45 and 514 have previously 
been reported in literature.  
General spectroscopic methods  
Absorption spectra were recorded on a Varian Cary 50 Bio absorption 
spectrophotometer. Photoluminescence (PL) spectra were acquired on a Varian 
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Cary Eclipse fluorescence spectrophotometer. Samples for all absorbance and 
PL spectra were prepared in Spectrosil quartz cuvettes having a path length of 1 
cm. The solvents for all optical measurements were purified and made 
anhydrous/anaerobic by passage through alumina columns under an N2 
atmosphere employing an MBraun solvent purification system. 
Photoluminescence quantum yields were measured relative to quinine bisulfate 
(Φ = 0.564) in 1 N aqueous sulfuric acid.17  
Synthesis of 1  
 To a stirring solution of 1,4-bis(bromomethyl)benzene (10.0 g, 37.9 mmol) 
in toluene (100 mL), triphenylphosphine (8.95 g, 34.1 mmol) was added. The 
reaction mixture is refluxed under nitrogen for 1 h and is then cooled to room 
temperature. A precipitate formed during the reaction, which was collected by 
vacuum filtration. The solid was then washed with toluene (50 mL), followed by 
diethyl ether (100 mL). The resulting white solid was used without any further 
purification. 
Synthesis of 2 
 To triphenyl(4-bromomethylbenzyl)phosphonium bromide (1) (1.00 g, 2.24 
mmol), triethylphosphite (1.86 g, 11.2 mmol) was added. The reaction mixture 
was refluxed at 110 °C under N2 for 3 h. The excess triethylphosphite was then 
removed by vacuum distillation at 115 °C for 3 h. A white crystalline powder (1.03 
g, 78.6%) was collected; mp 201 – 204 °C. 1H NMR (CDCl3, 300 MHz):  = 1.21 
(t, 6 H, J = 7.2 Hz), 3.05 (d, 2 H; J = 20.2), 3.93 – 4.03 (m, 4H), 5.38 (d, 2H; J = 
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14.1), 7.06 (s, 4H), 7.58 – 7.78 (m, 15H). 31P NMR (CDCl3, 121.5 MHz):  = 
 
23.61, 26.36. Calculated for C30H33BrO3P2: C, 61.76; H, 5.70; N, 0.00, found: C, 
61.68; H, 5.87; N, 0.00. 
Synthesis of 3  
 To a solution of 2 (0.100 g, 0.171 mmol) in ethanol (15 mL), a solution of 
4-nitrobenzaldehyde (0.0300 g, 0.1 98 mmol) in THF (2 mL) was added. The 
reaction mixture was placed under N2 and was stirred for 10 minutes. To this 
solution, potassium t-butoxide (0.0192 g, 0.171 mmol) in ethanol (2 mL) was 
added. The colorless solution turned bright yellow once the base was added. The 
reaction was stirred under N2 at room temperature for 2.5 h. Then H2O (5 mL) 
was added to quench the base. The solvents were then removed by rotary 
evaporation. The crude product was further purified by preparative TLC using 
CH2Cl2 with 2% methanol as the eluent (Rf = 0.46). This afforded a yellow oil 
(0.0525 g, 81.6%) isolable as a mixture of E and Z isomers that are observed to 
rapidly interconvert on exposure to light. The mixture was used for the 
preparation of 4 (previously reported1,5); mp 99 – 111 °C. HRMS M+ calcd for 
C19H22NO5P: 375.1236. Found: 375.1232. 
Synthesis of 6 
 Triphenylphosphine (0.475 g, 1.81 mmol) was added to 5 (1.05 g, 2.01 
mmol) in toluene (11 mL). The reaction mixture was stirred under nitrogen for 1 h 
and then was heated to reflux for 1 h. After allowing the reaction mixture to cool, 
the solution was filtered through a fritted funnel. The collected solid was washed 
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with toluene (30 mL), followed by ether (75 mL). The solid was collected and 
dried, yielding a white powder (1.15 g, 73.0%); mp 202.8 – 205.8 °C.  1H NMR 
(CDCl3, 300 MHz):  δ = 0.18 – 0.47 (m, 4H), 0.77 (t, 6H; J = 7 Hz), 1.05 – 1.15 
(m, 12H),  1.93 (td, 2H; J1 = 4 Hz, J2 =13 Hz), 2.19 (td, 2H; J1 = 4 Hz, J2 =13 Hz),  
4.66 (s, 2H), 6.02 (d, 2H; J = 14.4 Hz), 6.90 (t, 1H; J = 6.5 Hz), 7.06 – 7.34 (m, 
signal overlaps solvent signal; spectrum indicates 5H), 7.53 – 7.86 (m, 15H). δ = 
31P NMR (CDCl3, 121.5 MHz): δ = 20.97. HRMS M
+ calcd for C45H51BrP: 
701.2912. Found: 701.2912. 
Synthesis of 7 
 To 6 (0.300 g, 0.383 mmol), triethylphosphite (0.284 g, 1.71 mmol) was 
added. The reaction was refluxed under nitrogen for 3 h at 110 °C. The excess 
triethylphosphite was then removed by vacuum distillation to yield 0.304 g 
(94.4%) of an off-white crystalline solid; mp 58 – 69 °C. 1H NMR (CDCl3, 300 
MHz):  δ = 0.19 – 0.51 (m, 3H), 0.71 – 0.80 (m, 6H), 1.05 (s (br), 14 H), 1.24 – 
1.39 (m, 5 H), 1.87 – 2.20 (m, 4 H), 3.34 (d, 2H; J = 22 Hz), 4.02 – 4.13 (m, 4H), 
5.92 (d, 2H; J = 15 Hz), 6.86 – 6.91 (m, 1H), 7.08 – 7.20 (m, 2 H), 7.28 – 7.34 (m, 
partially overlaps solvent signal; spectrum indicates 3H), 7.52 – 7.71 (m, 9H), 
7.77 – 7.84 (m, 6H) 31P NMR (CDCl3, 121.5 MHz): δ = 20.82, 27.18. HRMS M
+ 
calcd for C49H61O3P2: 759.4096. Found: 759.4084. 
Synthesis of 8  
In the dry box, 7 (0.810, 0.964 mmol) and 4-nitrobenzaldehyde (0.0541 g, 
0.964 mmol) were dissolved in THF (125 mL) in a pressure flask. A solution of 
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potassium t-butoxide (0.180 g, 0.964 mmol) in THF (20 mL) was added drop-
wise to the reaction mixture. The reaction mixture turned a tubid gold-green color 
upon complete addition of base. The reaction mixture was sealed with a Teflon 
screwcap and removed from the dry box. The solution was stirred at room 
temperature for 2 h, then was heated in an oil bath at 65 °C for 17 h. The 
reaction mixture was then allowed to cool to room temperature and methanol (50 
mL) was added to the mixture. The solvents were removed under reduced 
pressure, yielding a yellow oil. The crude product was further purified by column 
chromatography on silica eluting with CH2Cl2 with 1% methanol (Rf = 0.46). It was 
found that in order to get full separation from other impurities, a column with a 
diameter of 2 inches and 8 inches of silica were needed. Other columns tried did 
not provide enough separation of impurities from target compound. After column 
chromatography, the compound was collected as a bright yellow oil (0.412 g, 
67.7%). 1H NMR (CDCl3, 300 MHz):  δ = 0.37 – 0.58 (m, 4H), 0.71 – 0.79 (m, 
6H), 1.01 – 1.14 (m, 12 H), 1.25 – 1.32 (m, 6H), 1.99 – 2.28 (m, 4H), 3.39 – 3.48 
(m, 2H), 4.00 – 4.19 (m, 4H), 6.84 (d, 1H; J = 12 Hz), 6.94 (d, 1H: J = 7.9 Hz), 
7.11 (d, 1H; J = 16 Hz), 7.18 (d, 2H; J = 8.9 Hz), 7.29 – 7.36 (m, 5H), 7.43 – 7.48 
(m, 2 H), 7.60 – 7.64 (m, 1 H),7.70 – 7.77 (m, 2H), 7.87 – 7.92 (m, 2 H), 8.04 (d, 
1 H; J = 18 Hz), 8.28 (d, 2 H; J = 8.9 Hz). 31P NMR (CDCl3, 121.5 MHz): δ = 
27.72. HRMS M+ calcd for C38H50NO5P: 631.3426. Found: 631.3421.  
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Synthesis of 9 
In the dry box, 8 (0.132 g, 0.210 mmol) was dissolved in anhydrous THF 
(25 mL). To this solution, 4-methoxybenzaldehyde (0.0314 g, 0.231 mmol) was 
added. The reaction mixture was allowed to stir for several minutes, then n-
butyllithium (0.092 mL, 2.5 M solution in hexanes) was slowly added dropwise. 
The golden-yellow solution slowly turns dark brown/black as the base is added. 
The reaction mixture was allowed to stir at room temperature for 5 days, and was 
then removed from the dry box. Water (30 mL) was then added and the mixture 
turned orange and cloudy. The organic products were extracted with CH2Cl2 (75 
mL) and the organic layer was washed with H2O (3 × 100 mL). The organics 
were collected and solvent was removed by rotary evaporation. The resulting 
reddish-brown oil was washed with methanol (~5 mL), which helped to remove 
some of the excess aldehyde. The oil was then dissolved in minimal CH2Cl2 and 
was added dropwise to methanol. The product stuck to the sides of the glass of 
an Erlenmeyer flask, so the methanol was decanted away. The oil was dissolved 
in CH2Cl2 and was recollected. The methanol wash was also collected and the 
solvent was removed by rotary evaporation. The resulting oil was then washed 
again with methanol (3 × 10 mL) and was then recollected. It was determined by 
NMR spectroscopy that both collected oils were the desired product. All product 
was collected to yield 0.0548 g (42.6%) of a reddish brown sticky oil; the 
compound was isolated as a mixture of E and Z isomers that interconvert rapidly 
upon light exposure. 1H NMR (CDCl3, 300 MHz):  δ = 6.95 – 7.00 (m, 4H), 7.09 
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(d, 1H; J = 18.8 Hz), 7.29 – 7.58 (m, 13.25H), 7.72 (d, 2.50 H; J = 8.9 Hz), 7.80 – 
7.83 (m, 0.5H), 8.11 (d, 0.5H; J = 16.1 Hz), 8.29 (d, 2.75 H; J = 8.6 Hz). Due to 
mixture of E and Z isomers, NMR integrations in the aromatic region are not 
reported as whole integers. HRMS M+ calcd for C42H47NO3: 613.3556. Found: 
613.3563. 
 
Results and Discussion 
 
 The route for obtaining an --donor-acceptor (D-A) substituted 
distyrylbenzene derivative is shown in Scheme 6.1. The target molecules had 
both a strong electron withdrawing group and strong electron donating group, -
NO2 and -OCH3 in order to demonstrate the ability to make this type of push-pull 
molecule via the proposed route. The relative electron-donating or withdrawing 
capacity of these subsituents can be quantified by the Hammett substituent 
constants. In the case of our molecules presented here NO2 = 0.78 and OMe = –
0.27.18 
 Molecule 1 is a commercially available moleclue. Others have primarily 
used this molecule as a building block for phosphonium cationic molecules that 
are being studied for their applications in medicinal imaging/radiotracing.19 For 
our study, 1 was synthesized by reaction of triphenylphosphine with 1,4-bis-
(bromomethyl)benzene in toluene. Isolation of 1, is straightforward because the  
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target product precipitates after mono-substitution by the phosphonium group at 
one benzylic site. Compound 1 was thus collected by filtration and was used 
without further purification.  
 Our stratgey was then to utilize the Michaelis-Arbuzov reaction using 1 
and triethylphosphite to substitute a phosphonate group at the other benzyl 
bromide site.  It was found that reacting triethylphosphite with 1 afforded 2 in high 
yield ( > 75%).   
 For the next step of the reaction, we considered the relative selectivity for 
deprotonation of the -carbon of the phosphonium and phosphonate to generate 
the requisite ylide for the Wittig-type or Horner-Wittig type reaction, respectively. 
 
Scheme 6.1. Route to distyrylbenzene D/A target molecule. 
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Based on the pKa values (Figure 6.2), we hypothesized that the phosphonium 
site would react to a greater extent because it is a stronger acid. When 2 was 
combined with 4-nitrobenzaldehyde and KOtBu was added as base, a majority of 
product was target 3, a result of deprotonation at the carbon attached to the 
phosphonium group, which confirmed the theory that the more acidic site would 
be more reactive. It was found that using EtOH instead of THF as the solvent for 
the Wittig reaction produced better yields, most likely a result of the increased 
solubility of the starting material in EtOH compared to THF. 
 The selectivity for this reaction favored the product resulting from reaction 
of the phosphonium ylide, although the product resulting from deprotonation of 
the phosphonate -carbon was obtained as a minor product. The crude NMR 
spectrum of the product showed that the integration ratio of the proton signals 
corresponding to –CH2P(O)(OEt)2 and –CH2PPh3 was 13:1. The purification of 3, 
which included removal of the side product triphenylphosphine oxide, proved to 
be a multi-step process. Using column chromatography with an eluent of CH2Cl2 
with 2% MeOH, a majority of product was able to be isolated. Because of the 
 
Figure 6.2. pKa values for both potential deprotonation sites of 2.
20
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similar polarities of both 3 and the impurities, overlap in some column fractions 
was difficult to avoid. Fractions that did include desired product in addition to 
impurities were then collected and purified by preparative TLC (CH2Cl2 with 2% 
MeOH) to collect the rest of desired product 3. It was observed that 3 was 
isolable as a mixture of E and Z isomers that rapidly interconvert on exposure to 
light; NMR spectrometry of the same sample at different points of time showed 
differing ratios of the isomers based on NMR integrations.  
 The synthesis of 4 was carried out by reaction of 3 with 4-
methoxybenzaldehyde in THF. Molecule 3, unlike 2, was soluble in THF. The 
base used for the this reaction was n-butyllithium instead of KOC(CH3)3. The 
synthesis of 4 was originally tried with KOC(CH3)3, but the major product after 
workup was found to be the starting material, indicating the desired reaction was 
not favorable. When we tried n-butyllithium, we were able to obtain 4 in 36% 
yield. This led us to investigate what led to better results with n-butyllithium 
compared to KOC(CH3)3. There is data that shows that the base’s metal 
countercation can influence the reaction, both yield and E/Z isomer ratios.21,22 
Therefore, we considered that the cation in our reaction was also a key to 
understanding why n-butyllithium worked, while KOC(CH3)3 did not yield good 
results.  
 To explore this hypothesis, we tried two separate experiments. In one 
experiment a 5 mol equiv of LiCl per KOC(CH3)3  was added to the reaction 
mixture, keeping all other conditions the same. In the second experiment, a 5 mol 
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equiv of LiCl per N(CH3)3 was added to the reaction mixture, again keeping all 
other conditions the same as for the successful synthesis of 4 with n-butyllithium. 
In both cases, the crude products were evaluated by 1H NMR spectrometry and 
were found to have gone to at least 50% completion, similar to the reaction with 
n-butyllithium. This data suggests that it is a cation effect that drives the reaction 
to completion, and that it is not a result of steric hindrance or even base strength.  
 Scheme 6.2 illustrates the synthetic route to the targeted asymmetrically 
substituted fluorene molecule. The starting material, 5, has previously been 
reported.4 After refluxing in toluene with triphenylphosphine for 2 h, the reaction 
was cooled and the product, 6, a white powder, precipitated out of solution and 
was collected by filtration. As with the 1,4-phenylene system, this route exploits 
the precipitation of the mono-phosphonium molecule to synthesize target 6 
without disubstitution. Unlike the 1,4-phenylene system though, the two benzylic 
sites in 5 are diffferent; one position is more sterically hindered compared to the 
other. This led us to hypothesize that the substitution would occur at the benzylic 
site on C-4 rather than C-1, given that the nucleophile is bulky and the benzylic 
site at C-1 is sterically encumbered. When 5 was reacted with triphenylphosphine 
in a 1:0.9 molar equivalence ratio, the proton NMR spectrum showed one 
product, indicating a ≥ 95% selectivity for one mono-substituted product over the 
other. In order to confirm our hypothesis of the site at which the ylide was being 
formed, NMR experiments using the Nuclear Overhauser Effect (NOE) were 
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employed; these experiments confirmed the hypothesis that the C-4 benzylic site 
was being substituted with the phosphonium group.  
 The Michaelis-Arbuzov reaction of 6 with excess triethylphosphite was a 
facile reaction requiring heating for 3 h, followed by vaccuum distillation to 
remove remaining excess triethylphosphite. As with the synthesis of 2, the 
reaction of 6 with triethylphosphite afforded 7, a crystalline solid, in high yield 
(~94%).  
 The synthesis of 8 was carried out by reaction of 7 with 4-
nitrobenzaldehyde in THF. For this reaction, KOtBu was used as the base for a 
Wittig reaction. As with 3, it was found that the base is again selective for 
 
Scheme 6.2. Route to asymmetrically substituted fluoreneylene target small molecule. 
 
 171 
 
deprotonation of the phosphonium -carbon over the phosphonate -carbon, 
with no other products indicated by a crude 1H NMR spectrum. The pure product 
was isolated by column chromatography. Even after purification, the proton NMR 
spectrum showed evidence of the presence of both E and Z isomers that 
interconvert rapidly upon exposure to light. Once purified by column 
chromatography, 8 could be used for synthesis of the target asymmetrically 
substituted fluorenylene molecule, 9.  
 Compound 9 was successfully synthesized by combining 8 with 4-
methoxybenzaldehyde in anhydrous THF. The desired Horner-Wittig reaction 
was carried out by addition of n-butyllithium to the reaction mixture, just as with 
the phenylene molecule, 4; when the reaction was tried with potassium t-
butoxide, most of the compound recovered was found to be starting material. The 
workup of 9 was facile; the reaction was quenched with H2O and then all solvents 
were removed by rotary evaporation. The remaining product was then washed 
with methanol several times, which removed side product and any excess 
aldehyde, giving the final target compound, a reddish-brown viscous oil, in 
relatively good yield (~43%). The compound is an extremely viscous oil, to the 
point of almost being a solid; it almost fiber-like when a spatula is used to retrieve 
product. 
 The photophysical properties of 4 and 9, including UV/vis absorption and 
photoluminescence, were investigated. Photophysical data is reported in Table 
6.1. It was found that the phenylene molecule (4) was slightly red-shifted in the 
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UV/vis compared to the fluoreneylene molecule (9). This can be explained due to 
the fact that with the fluorenylene molecule twisting of adjacent -systems from 
coplanarity is more pronounced because of the steric bulkiness of the fluorene 
group, which would cause a blue-shift in the UV/vis (See DFT geometry data in 
Chapter 5). In contrast to the UV/vis data, the PL of 9 was red-shifted compared 
to 4 (466 nm to 454 nm). The most likely explanation for this relates to solvent 
interactions with the excited state molecules. Since compound 9 would be 
expected to have a larger dipole due to the additional asymmetry introduced by 
the fluorene, the stabilization of the charged molecule by a polar solvent like 
CH2Cl2, would be more pronounced than in the phenylene analogue, 4. Because 
of the D-A structure of both molecules, it was expected that fluorescence 
quantum yields (f) would be low, which was observed with both 4 and 9 having 
very low quantum yields (3% and 5%, respectively). 
 
Conclusions 
 
 In conclusion, we have reported a new synthetic route that utilizes 
phosphonium and phosphonate functionalities on aromatic compounds. We 
Table 6.1. Select photophysical properties of small molecules.
a
 
 
max (nm) log em (nm) 
 
4 394 4.48 454 0.03  
9 381 3.85 466 0.05  
a
 In CH2Cl2 
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found that we can selectively substitute the phosphonium group with one 
benzaldehyde followed by substitution of the phosphonate group with a different 
benzaldehyde to yield D/A molecules not only with simple distyrlbenzene 
systems but with more complex, more sterically hindered systems such 
fluorenylene derivatives. The success with this new route led us to expand this 
methodology to the synthesis and characterization of other asymmetrically 
substituted molecules, which is covered in the following chapter.  
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Supporting Information 
  
 
Figure S6.1. Proton NMR spectrum of 2 (CDCl3, 300 MHz). 
 
 
 
 
Figure S6.2. Carbon-13 NMR spectrum of 2 (CDCl3, 300 MHz). 
*CDCl3 
*CDCl3 
*H2O 
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Figure S6.3. Phosphorous-31 NMR spectrum of 2 (CDCl3, 121.5 MHz). 
 
 
Figure S6.4. Proton NMR spectrum of 3 (CDCl3, 300 MHz). 
 
H2O* 
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Figure S6.5. Phosphorous-31 spectrum of 3 (CDCl3, 121.5 MHz).
 
Figure S6.6. Proton NMR spectrum of 6 (CDCl3, 300 MHz).  
 
 
 
*CDCl3 
H2O* 
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Figure S6.7. Carbon-13 NMR spectrum of 6 (CDCl3, 75MHz). 
 
 
*CDCl3 
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Figure S6.9. Nuclear Overhauser Effect spectrum of 6 (CDCl3, 300 MHz) for proton 
resonating at 5.97 ppm. 
 
Figure S6.8. Nuclear Overhauser Effect spectrum of 6 (CDCl3, 300 MHz) for proton 
resonating at 4.66 ppm. 
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Figure S6.10. Phosphorous-31 NMR spectrum of 6 (CDCl3, 121.5 MHz). 
 
 
 
 
Figure S6.11. Proton NMR spectrum of 7 (CDCl3, 300 MHz). 
*CDCl3 
  
182 
 
 
 
 
 
 
Figure S6.12. Carbon-13 NMR spectrum of 7 (CDCl3, 75MHz). 
 
 
*CDCl3 
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Figure S6.13. Phosphorous-31 NMR spectrum of 7 (CDCl3, 121.5 MHz). 
 
 
 
 
Figure S6.14. Phosphorous-31 NMR spectrum of 8 (CDCl3, 121.5 MHz). 
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Figure S6.15. Proton NMR spectrum of 8 (CDCl3, 300 MHz). 
*CDCl3 
H2O* 
*CDCl3 
  
185 
 
 
 
 
 
 
Figure S6.16. Carbon-13 NMR spectrum of 8 (CDCl3, 75 MHz). 
*CDCl3 
  
186 
 
 
 
Figure S6.17. Proton NMR spectrum of 9 (CDCl3, 300 MHz). 
*CDCl3 
*CDCl3 
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Figure 1. Normalized absorbance (left) and photoluminescence  (right) spectra of 4 and 9 in CH2Cl2 
solutions. 
 
 
Figure S6.18. Proton NMR spectrum of 4 (CDCl3, 300 MHz). 
*CDCl3 
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Figure S6.19. Normalized absorbance (top) and photoluminescence (bottom) spectra of 4 and 9 
in CH2Cl2 solutions. 
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CHAPTER SEVEN 
 
SYNTHESIS AND CHARACTERIZATION OF NOVEL ASYMMETRICALLY 
SUBSTITUTED CHROMORPHORES CONTAINING A 1,4-FLUORENYLENE 
UNIT AND COMPARISON TO ANALOGOUS DISTYRYLBENZENE 
DERIVATIVES¥ 
 
Introduction 
In the continuously-expanding world of technology, improved materials are 
constantly in demand. Organic materials are hotly pursued for their application in 
photonic devices due to their improved cost and better processability, along with 
their potential for modification to obtain desired physical and photophysical 
properties and the flexibility of many organic polymers.1,2 Much time and effort 
has been devoted to developing organic molecules and polymers for use in 
applications such as organic light emitting diodes (OLEDs), photovoltaic cells, 
and nonlinear optics (NLO).2-4 Among the myriad promising systems in this field, 
-conjugated materials stand out as an important class of materials due to their 
photophysical and semi-conducting properties.  
Conjugated donor-acceptor molecules have generated wide-spread 
interest in many areas of materials research and applications.5-7 A donor-
acceptor (D-A) molecule contains two or more functional groups where at least  
 
¥
Parts of this chapter to be used in a manuscript for submission for publication. 
  
190 
 
one group is a donor group (e.g. –N(CH3)2) and another is a good acceptor group 
(e.g. –NO2). These types of molecules have primarily been studied extensively 
for their use in photovoltaic cells.6-9 Because of the push-pull characteristic of D-
A molecules, the internal charge transfer (ICT) within the molecule is enhanced. 
The ICT is a key component for photovoltaic cells that absorb light energy and 
convert it to power output. Additionally, because these molecules are small 
chromophores, tuning of their photophysical and electrochemical properties is 
possible by chromophore modification, including altering the donor or acceptor 
strength of attached functional groups or the length of the -conjugated bridge 
between the donor and the acceptor.9 In the field of nonlinear optics (NLO), D-A 
molecules became an important part of developing materials for applications, 
especially -conjugated donor-acceptor molecules.4,10 Initially, compounds such 
as dimethylaminonitrostilbene were reported in relation to potential NLO 
applications, and now D-A molecules continue to be developed by changing the 
length of -conjugation between donor and acceptor groups, changing the 
strength of the donors and acceptors, and increasing the thermal and chemical 
stability to improve properties for NLO applications.10-13  In addition to device 
applications, D-A molecules also are promising materials for biochemical 
applications. For example, in a recent study, conjugated D-A molecules were 
used with nucleobases in an effort to develop highly stable supramolecular 
nanofibrous structures to further the field of biomimetics and the development of 
synthetic DNA mimics.14  
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One type of conjugated backbone system that is of interest in this field of 
research is oligo(p-phenylenevinylene)s (OPVs).15 These oligomers are useful in 
applications ranging from laser dyes, NLO, field effect transistors (FETs), and 
organic memory devices to sensing dyes for biological detection.15-19  An 
advantage to studying oligomeric systems is that structure-property relationships 
can be determined, giving insight as to how the system would behave as a 
polymer. Polymeric systems can be difficult to characterize because of high 
molecular weights, solubility issues, and structural defects, among others, but 
studying analogous oligomers allows for facile full characterization of the 
oligomers and therefore gives insight into the properties of polymers made from 
the OPV.15  
Nonlinear optical materials are promising materials for communications 
and photonic device applications.20 Current efforts have been devoted to 
developing organic materials that show NLO activity. The advantage of using 
organics is that they are more easily processed and oftentimes cheaper to 
produce compared to inorganic materials.20,21 Although many organic molecules 
have been designed in the quest for useful NLO materials, there is still a need for 
materials with improved properties. A non-centrosymmetric center and high 
polarizability are key design features for second-order NLO; as a result, many 
donor-acceptor (D-A) substituted aromatic derivatives have been investigated.20 
For application in NLO devices, the molecules normally need to have a well-
defined orientation and arrangement of dipoles in solid state.22 Determination of 
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the hyperpolarizability, a key component in NLO materials, can be done by 
electric field induced second-harmonic generation (EFISHG) or by hyper-
Rayleigh scattering (HRS).20  
We have previously reported the synthesis and characterization of 1,4- 
fluorenylene chromophores with a DSB backbone (Figure 1a, X = Y).23 The 
interesting feature of this chromophore design was that these molecules, unlike 
their DSB analogues, were asymmetric, due to the extension of the planar ring 
system through the fluorene. In an effort to synthesize novel chromophores with 
potential D-A properites and NLO applications, we envisioned studying the 
effects of asymmetrically substituting the same 1,4-fluorenylene scaffold to 
create molecules with two different functional groups (i.e. X and Y, Figure 7.1), 
namely donor and acceptor groups (Figure 7.1a). we hypothesized that these 
molecules would have very specific orientation in solid state because of the steric 
hindrance resulting from the hexyl substituents on the fluorene and the fluorene 
unit itself, which could be a useful molecule property, especially for applications, 
 
Figure 7.1. Examples of molecular structures addressed in this work. 
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including NLO. With these considerations in mind, we therefore planned and 
carried out the synthesis of a series of asymmetrically substituted fluorenylene 
derivatives, along with analogous DSBs (Figure 1b) by employing the creative 
and simple route described in Chapter 6. The molecules were characterized in 
order to investigate further the effects of the unique fluorenylene structure and 
also the variation of donor and acceptor groups on the molecules.  
 
Experimental 
Reagents and General Methods. 
 Reagents were obtained from Aldrich Chemical Co., TCI America, Acros 
or Alfa Aesar and used without further purification. Air sensitive reactions were 
carried out in solvents purified by passage through alumina columns under a dry 
N2 atmosphere employing an MBraun solvent purification system. Air sensitive 
operations were done in an MBraun dry box or by using standard Schlenk line 
techniques under N2. NMR spectra were obtained using a Jeol 300 spectrometer 
operating at 300 MHz for protons. All spectra were collected at 25 °C and 
referenced to residual solvent signals.  
General Spectroscopic Methods  
Photoluminescence (PL) spectra were acquired on a Varian Cary Eclipse 
fluorescence spectrophotometer. Absorption spectra were recorded on a Varian 
Cary 50 Bio absorption spectrophotometer. Samples for all absorbance and PL 
spectra were prepared in Spectrosil quartz cuvettes having a path length of 1 cm. 
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The solvents for all optical measurements were purified and made 
anhydrous/anaerobic by passage through alumina columns under a N2 
atmosphere employing an MBraun solvent purification system. 
Photoluminescence quantum yields were measured relative to quinine bisulfate 
(Φ = 0.564) in 1 N aqueous sulfuric acid.24  
General method for synthesis of asymmetric fluorenylene molecules 
For each molecule, 1 and the corresponding aldehyde were combined in 
anhydrous THF in the dry box. To this reaction mixture, n-butyllithium was added 
and the reaction was allowed to stir under nitrogen for several hours. Purification 
techniques involved preparative TLC or passing through silica. Due to the light 
sensitivity of the series 2 molecules that leads to rapid interconversion between E 
and Z isomers, 13C NMR data is not reported; for 1H NMR, integrations in the 
aromatic region are not always reported as whole integers, as it is difficult to 
differentiate peaks resulting from either E or Z isomers. 
Synthesis of 2a (Y = CF3) 
 In the dry box, to a solution of 1 (0.100 g, 0.158 mmol) in THF (10 mL), 4-
(trifluoromethyl)benzaldehyde (0.0300 g, 0.174 mmol) was added in a pressure 
tube. The reaction mixture was stirred for 5 min, then a 2.5 M solution in hexanes 
of n-butyllithium (0.070 mL, 0.174 mmol) was added. The solution turned a dark 
red color when the n-butyllithium was added. The reaction mixture was capped 
with a Teflon screw cap and was allowed to stir in the dry box for 23 h. To 
workup, H2O (15 mL) was added, and then the compound was extracted with 
  
195 
 
CH2Cl2 (30 mL). The organic layer was washed with H2O (3 × 50 mL) and then 
was collected. The solvents were removed by rotary evaporation. The compound 
was further purified by passage through silica plug 1:1 hexanes:CH2Cl2 as the 
eluent. This afforded 2a, a yellow oil (0.023 g, 22%). 1H NMR (CDCl3, 300 MHz): 
δ = 0.41 – 0.76 (m, 9H), 0.89 – 1.06 (m, 13H), 2.08 (td, 2H; J1 = 4.4 Hz, J2 = 12 
Hz), 2.32 (td, 2H; J1 = 4.5 Hz, J2 = 12 Hz), 7.06 – 7.19 (m, 1.75 H), 7.33 – 7.48 
(m, 4.5 H), 7.54 – 7.75 (m, 10.75 H), 7.80 – 7.83 (m, 1.25 H), 7.94 (d, 1.38H; J = 
8.6 Hz), 8.10 (d, 0.8 Hz; J = 16.1 Hz), 8.30 (d, 1.75H; J = 8.6 Hz). HRMS M+ 
calcd for C42H44NO2F3: 651.3324. Found: 651.3316. 
Synthesis of 2b (Y = Cl) 
 In a pressure tube in the dry box, 1 (0.100 g, 0.158 mmol) and 4-
chlorobenzaldehyde (0.0240 g, 0.174 mmol) were combined in THF (20 mL). To 
the reaction mixture, n-butyllithium (0.070 mL, 0.174 mmol; from a 2.5 M solution 
in hexanes) was added. The solution turned from yellow to dark brown/black 
when the base was added. The reaction mixture was sealed with a Teflon screw 
cap and was allowed to stir under nitrogen for 72 h. Then H2O (15 mL) was 
added to the solution, which appeared to turn cloudy, but no precipitate formed, 
so the compound was extracted with DCM (50 mL) and washed with H2O (3 × 50 
mL). The organic layer was collected and all solvents were removed by rotary 
evaporation. The compound was further purified by dissolving in a 1:1 solution of 
CH2Cl2:hexanes and passing through silica. The silica was washed several times 
with this eluent, which was then collected. After removing the solvents by rotary 
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evaporation, 2b was obtained (0.021 g, 22%). 1H NMR (CDCl3, 300 MHz): δ = 
0.40 – 0.76 (m, 9H), 0.98 – 1.08 (m, 13H), 2.07 (td, 2H; J1 = 4.4 Hz, J2 = 12 Hz), 
2.32 (td, 2H; J1 = 4.4 Hz, J2 = 12 Hz), 6.84 – 6.93 (m, 0.15H), 6.98 – 7.03 (m, 
0.90H), 7.15 (d, 0.60H; J = 16.1 Hz), 7.23 – 7.49 (m, 11.8H) 7.54 – 7.66 (m, 
1.9H), 7.73 (d, 1.1H; J = 8.6 Hz), 7.79 – 7.82 (m, 0.54H), 7.91 – 7.95 (m, 0.41H), 
8.09 (d, 0.63H; J = 16.1 Hz), 8.29 (d, 1.3H; J = 8.6 Hz). HRMS M+ calcd for 
C41H44NO2Cl: 617.3061. Found: 617.3057. 
Synthesis of 2c (Y = I) 
 In the dry box, 1 (0.100 g, 0.158 mmol) and 4-iodobenzaldehyde (0.0400 
g, 0.174 mmol) were combined in THF (20 mL) in a pressure tube. To the 
reaction mixture, n-butyllithium (0.070 mL, 0.174 mmol; from a 2.5 M solution in 
hexanes) was added. The solution turned from yellow to golden brown when the 
base was added. The reaction mixture was sealed with a Teflon screw cap. This 
was stirred under nitrogen for 72 h, and then H2O (15 mL) was added to the 
solution. The compound was extracted with DCM (60 mL) and washed with H2O 
(3 × 50 mL). The organic layer was collected and all solvents were removed by 
rotary evaporation. The compound was further purified by dissolving in a 1:1 
solution of CH2Cl2:hexanes and passing through silica. The silica was washed 
several times with this solution mixture. After removing the solvents by rotary 
evaporation, 2c was obtained (0.027 g, 24%) as a viscous oil. 1H NMR (CDCl3, 
300 MHz): δ = 0.39 – 0.59 (m, 3H), 0.67 – 0.74 (m, 6H), 0.89 – 1.08 (m, 13H), 
2.06 (td, 2H; J1 = 4.4 Hz, J2 = 12 Hz), 2.31 (td, 2H; J1 = 4.4 Hz, J2 = 12 Hz), 6.60 
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(d, 0.06H; J = 11.6 Hz), 6.84 – 6.91 (m, 0.15H), 6.95 – 7.00 (m, 0.1H), 7.15 (d, 
0.63H; J = 16.1 Hz), 7.23 – 7.42 (m, 9.6H) 7.48 – 7.62 (m, 1.5H), 7.66 (d, 0.75H; 
J = 16.1 Hz), 7.72 – 7.81 (m, 3.8H), 7.91 – 7.95 (m, 0.25H), 8.09 (d, 0.75H; J = 
16.1 Hz), 8.29 (d, 1.5H; J = 8.9 Hz). HRMS M+ calcd for C41H44NO2I: 709.2417. 
Found: 709.2409. 
Synthesis of 2d (Y = H) 
 In a pressure tube, 1 (0.100 g, 0.158 mmol) and benzaldehyde (0.0185 g, 
0.174 mmol) were combined in THF (15 mL) in the dry box. To this stirring 
solution, a 2.5 M solution of n-butyllithium in hexanes (0.070 mL, 0.174 mmol) 
was added and the reaction mixture turned dark brown. The pressure tube was 
sealed with a Teflon screw cap and was allowed to stir for 24 h. Then H2O (5 mL) 
was added to the reaction mixture and all solvents were removed by rotary 
evaporation. The resulting oil was reddish-brown. The compound was further 
purified by preparative TLC, using CH2Cl2 as the eluent, with a target Rf = 0.92, 
affording a reddish-brown oil (0.033 g, 35%) 1H NMR (CDCl3, 300 MHz): δ = 0.39 
– 0.74 (m, 9H), 0.80 – 1.08 (m, 13H), 2.07 (td, 2H; J1 = 4.4 Hz, J2 = 12 Hz), 2.28 
– 2.41 (m, 2H), 6.54 (d, 0.3H; J = 12 Hz),  6.62 (d, 0.3H; J = 12 Hz), 6.78 – 6.82 
(m, 0.2H), 6.86 (d, 0.1H; J = 12 Hz), 6.95 – 7.21 (m, 1.9H), 7.24 – 7.96 (m, 
13.7H), 8.00 – 8.03 (m, 0.2H), 8.11 (d, 0.3H; J = 16.1 Hz), 8.22 (d, 0.1H; J = 8.9 
Hz),  8.29 (d, 0.8H; J = 8.9 Hz), 8.34 – 8.43 (m, 0.2). HRMS M+ calcd for 
C41H45NO2: 583.3450. Found: 583.3443. 
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Synthesis of 2e (Y = CH3) 
 In the dry box, 1 (0.100 g, 0.158 mmol) and p-tolualdehyde (0.0210 g, 
0.174 mmol) were combined in THF (20 mL) in a pressure tube. To the reaction 
mixture, n-butyllithium (0.070 mL, 0.174 mmol; from a 2.5 M solution in hexanes) 
was added and the solution turned black. The reaction mixture was sealed with a 
Teflon screw cap and was stirred under N2 for 71 h. Water (10 mL) was added to 
the solution and the compound was extracted with DCM (2 × 50 mL). The organic 
layer was washed with H2O (2 × 100 mL). The organic layer was collected and all 
solvents were removed by rotary evaporation. The compound was further purified 
by dissolving in a 1:1 solution of CH2Cl2:hexanes and passing through silica. The 
solution was collected and solvents were removed by rotary evaporation to yield 
2e (0.034 g, 36%). 1H NMR (CDCl3, 300 MHz): δ = 0.40 – 0.75 (m, 10H), 0.89 – 
1.09 (m, 12H), 2.07 (td, 2H; J1 = 3.8 Hz, J2 = 12 Hz), 2.28 – 2.40 (m, 5H), 6.85 (d, 
0.15H; J = 12 Hz), 6.98 – 7.10 (m, 0.6H), 7.15 (d, 0.6H; J = 16.1 Hz), 7.22 – 7.68 
(m, 9.8H) 7.73 (d, 1.2H; J = 8.9 Hz), 7.78 – 7.82 (m, 0.6H), 7.91 – 7.95 (m, 0.5H), 
8.11 (d, 0.6H; J = 15.8 Hz), 8.29 (d, 1.4H; J = 8.6 Hz). HRMS M+ calcd for 
C42H47NO2: 597.3607. Found: 597.3600. 
Synthesis of 2g (Y = OCH(CH3)2) 
 In a pressure tube, 1 (0.100 g, 0.158 mmol) and 4-
isopropoxybenzaldehyde (0.0286 g, 0.174 mmol) were combined in THF (15 mL) 
in the dry box. To this solution, n-butyllithium (0.070 mL of a 2.5 M solution in 
hexanes, 0.174 mmol) was added and the reaction mixture turned turbid green-
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brown. The pressure tube was sealed with a Teflon screw cap and was allowed 
to stir for 24 h. Then H2O (15 mL) was added to the reaction mixture and all 
solvents were removed by rotary evaporation. The compound was further purified 
by preparative TLC, using CH2Cl2 as the eluent, with a target Rf = 0.92, affording 
a yellow-brown oil (0.035 g, 35 %). 1H NMR (CDCl3, 300 MHz): δ = 0.39 – 0.77 
(m, 9H), 0.85 – 1.08 (m, 13H), 1.37 (d, 6H; J = 5.9 Hz), 2.06 (td, 2H; J1 = 4.4 Hz, 
J2 = 12 Hz), 2.37 (td, 2H; J1 = 4.4 Hz, J2 = 12 Hz), 4.57 – 4.65 (m. 1H), 6.92 – 
7.04 (m, 3.5H), 7.14 (d, 1H; J = 15.8 Hz), 7.35 – 7.42 (m, 3.5H), 7.47 – 7.58 (m, 
6H), 7.79 – 7.82 (m, 1H), 8.11 (d, 1H; J = 16.1 Hz), 8.29 (d, 2H; J = 8.9 Hz). 
HRMS M+ calcd for C44H51NO3: 641.3869. Found: 641.3860. 
General method for synthesis of asymmetric phenylene molecules. 
 For each molecule, 3 was dissolved in EtOH and was stirred under 
nitrogen. To this solution, the corresponding benzaldehyde was added. Then 
KOtBu was added and the reaction mixture was stirred over a period of several 
hours. The reaction was quenched with H2O. Workup involved collection by 
filtration or extraction with CHCl3. The E,E isomers of the molecules were 
obtained by refluxing in toluene with a catalytic amount of iodine, then collecting 
by filtration or extraction. Compounds 4d16, 4e25, 4f26, and 4h26 have been 
reported in literature.  
Synthesis of 4a (Y = CF3) 
To a solution of 3 (0.100 g, 0.172 mmol) in EtOH (15 mL), 4-
(trifluoromethyl)benzaldehyde (0.0330 g, 0.190 mmol) in THF (3 mL) was added. 
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The mixture was stirred for 5 min under N2, then KO
tBu (0.039 g, 0.345 mmol) 
was added. When the base was added, the bright yellow solution turned an 
amber-brown color. The reaction mixture was then stirred under N2 for 21.5 h. 
Then H2O (20 mL) was added to the reaction mixture. Extraction with CH2Cl2 (2 × 
50 mL) followed by vacuum evaporation of solvents afforded the crude product, 
which was a mixture of E and Z isomers, as indicated by NMR spectroscopy. The 
crude material was dissolved in toluene (20 mL) and a catalytic amount of iodine 
was added. The reaction was refluxed under N2 for 4 h. After cooling to room 
temperature, Na2SO3 (aq) (10 mL) was added to reduce the iodine.  The product 
was extracted with CHCl3 and the organics were washed with H2O (3 × 50 mL). 
The organic layer was collected and solvents were removed by rotary 
evaporation, yielding a yellow solid (0.056 g, 82%); m.p. 196 – 199°C. 1H NMR 
(CDCl3, 300 MHz): δ = 7.15 – 7.20 (m, 2H), 7.23 – 7.31 (m, includes overlap from 
solvent signal, structure implies 3H), 7.43 – 7.49 (m, 2H), 7.52 – 7.57 (m, 3H), 
7.62 – 7.70 (m, 5H), 8.23 (d, 1H; J = 8.6 Hz). 13C NMR (CD2Cl2, 75 MHz): δ = 
124.13, 125.65, 125.78, 126.52, 126.75, 126.98, 127.31, 127.52, 128.50, 128.66, 
130.51, 131.94, 132.07, 132.60, 136.29, 137.19, 143.86. HRMS M+ calcd for 
C23H16NO2F3: 395.1133. Found: 395.1126. 
 Synthesis of 4b (Y = Cl) 
To a solution of 3 (0.150 g, 0.258 mmol) in EtOH (20 mL), 4-
chlorobenzaldehyde (0.0406 g, 0.289 mmol) in THF (4 mL) was added. To this 
mixture, potassium t-butoxide (0.0580 g, 0.517 mmol) was added. The solution 
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turned green-brown when addition of the base was complete. The reaction 
mixture was stirred under N2 for 17.5 h. The solution was removed from the dry 
box and H2O (20 mL) was added. The mixture appeared to be a fine suspension, 
so it was centrifuged, then the solvents were decanted away from the fine solid. 
The solid was then dissolved in toluene (10 mL) and a catalytic amount of iodine 
was added. The reaction was refluxed under nitrogen for 16.5 h. After cooling to 
room temperature, Na2SO3 (aq) (50 mL) was added to the mixture. After shaking 
vigorously, the red-brown solution turned pale yellow. The compound was 
extracted with CHCl3 and was washed with H2O (3 × 50 mL). The organic layers 
were collected and the solvent was removed under reduced pressure to yield a 
yellow solid (0.066 g, 70%); m.p. 241 – 244°C. 1H NMR (CDCl3, 300 MHz): δ = 
7.09 – 7.26 (m, includes overlap from solvent signal, structure implies 4 H), 7.30 
– 7.47 (m, 4H), 7.54 (s, 4H), 7.64 (d, 2H; J = 8.9 Hz), 8.23 (d, 2H; J = 8.6 Hz). 
13C NMR (CDCl3, 75 MHz): δ = 124.30, 126.30, 126.94, 127.13, 127.55, 127.83, 
128.14, 128.62, 129.03, 132.86, 133.55, 135.70, 135.77, 137.66, 143.91, 146.83. 
HRMS (M + 1)+ calcd for C22H17NO2Cl: 362.0948. Found: 362.0952. 
Synthesis of 4c (Y = I) 
To a solution of 3 (0.100 g, 0.172 mmol) in EtOH (15 mL), 4-
iodobenzaldehyde (0.0440 g, 0.190 mmol) in THF (3 mL) was added. The 
mixture was stirred for 5 min under N2 and then KO
tBu (0.039 g, 0.345 mmol) 
was added. After adding the base, the reaction mixture turned a murky brown 
color. This reaction mixture was then stirred under N2 for 21.5 h. Then H2O (20 
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mL) was added to the reaction mixture and a precipitate formed. The precipitate 
was collected by vacuum filtration and was washed with additional H2O (20 mL). 
The crude material was put in toluene (20 mL) and a catalytic amount of iodine 
was added. The reaction was refluxed under N2 for 4 h. After cooling to room 
temperature, a precipitate formed and this was collected again by vacuum 
filtration. This afforded the pure compound as a yellow solid (0.051 g, 65%); m.p. 
314 – 317°C. 1H NMR (THF-d8, 300 MHz):  = 7.13 – 7.21 (m, 2H), 7.26 – 7.34 
(m, 3H), 7.42 (d, 1H; J = 16.5 Hz), 7.55 – 7.62 (m, 4H), 7.68 (d, 2H; J = 8.6 Hz), 
7.76 (d, 2H; J = 8.9 Hz), 8.20 (d, 2H; J = 8.6 Hz). Due to solubility issues, 
reasonable 13C NMR could not be obtained. HRMS M+ calcd for C22H16NO2I: 
453.0226. Found: 453.0220 
Synthesis of 4g (Y = OCH(CH3)2) 
 To a solution of 3 (0.100 g, 0.172 mmol) in EtOH (15 mL), 4-
isopropoxybenzaldehyde (0.0312 g, 0.190 mmol) in THF (2 mL) was added. This 
reaction mixture was stirred and then KOtBu (0.0390 g, 0.345 mmol) was added. 
When the base was added, the solution turned a cloudy brown-green color. The 
reaction was allowed to stir under N2 for 6 h, then H2O (15 mL) was added and a 
yellow precipitate formed in the flask. The solid was collected by vacuum 
filtration. To obtain all E isomer, the compound was then added to toluene with a 
catalytic amount of iodine. This reaction mixture was refluxed under N2 for 15.5 h, 
and then it was cooled to room temperature. Once cool, the compound 
precipitated out of the toluene. The solid was again collected by vacuum filtration, 
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yielding a yellow solid (0.026 g, 39%); m.p. 263 – 265°C. 1H NMR (CDCl3, 300 
MHz): δ = 1.35 (d, 6H; J = 5.8 Hz), 4.56 – 4.63 (m, 1H), 6.89 (d, 2H; J = 8.6 Hz), 
6.97 (d, 1H; J = 16.1 Hz), 7.09 – 7.17 (m, 2H) 7.21 – 7.30 (m, includes overlap 
from solvent signal, structure implies 2 H), 7.45 (d, 2H; J = 8.6 Hz), 7.49 – 7.56 
(m, 3H), 7.64 (d, 2H; J = 8.9 Hz), 8.22 (d, 2H; J = 8.6 Hz). 13C NMR (CDCl3, 75 
MHz): δ = 22.15, 70.03, 116.10, 124.29, 125.76, 125.82, 126.78, 126.88, 127.51, 
127.97, 129.16, 129.71, 133.07, 135.04, 138.49, 144.06, 146.72, 157.96. HRMS 
M+ calcd for C25H23NO3: 385.1678. Found: 385.162. 
 
Results and Discussion 
Synthesis and Design Rationale of Asymmetric Molecules 
The synthetic route to the asymmetric fluorene molecules is shown in 
Scheme 7.1. The synthesis of the series 2 was carried out by reaction of 1 with 
corresponding benzaldehyde derivatives with the target end groups. The method 
for obtaining 1 has been reported previously.33 After addition of nBuLi to the 
 
Scheme 7.1. The route for synthesis of asymmetric fluorene small molecules 2a – 2g.  
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reaction mixture and stirring at room temperature for 18 h or more, the molecules 
were worked up. Workup involved quenching the excess base with H2O, followed 
by extraction with CH2Cl2. Purification involved either passage through silica or 
preparative TLC. Yields ranged from 22 – 36%. It was found that these 
molecules isomerize upon exposure to light, so the molecules were mostly E 
isomers, but still had a small amount of Z isomer as well.  
The reference molecules (4a – 4h) were synthesized as shown in Scheme 
7.2. Compound 3 was synthesized according to literature.27,28 A Wittig reaction in 
ethanol with the appropriate benzaldehydes afforded 4a – 4h. In almost every 
case, the compound precipitated out of solution after quenching the base with 
H2O and was collected by filtration. For each molecule, both E and Z isomers 
were obtained from the crude product, but the E,E isomers were obtained by 
refluxing in toluene with a catalytic amount of iodine. The compounds were then 
either collected by filtration or were extracted from the reaction mixture. These 
 
Scheme 7.2. Synthetic route for asymmetric reference molecules 4a – 4h. 
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compounds were obtained in good yields, ranging from 39 – 82% for previously 
unreported molecules (i.e. 4a – 4c, 4g). 
 The molecules were designed to have a nitro group on one end in order 
to have a strong electron withdrawing unit at one end of the DSB. To quantify the 
strength of the withdrawing or donating groups, the Hammett substituent 
constants were used (Table 7.1).29 A range of withdrawing and donating groups 
were used for substitution opposite the NO2 group in order to study the effect of 
changing one group versus the strongly withdrawing group.  
Photophysical Properties 
 Table 7.2 and Table 7.3 display data from the photophysical 
characterization of series 2 and series 4. For comparison purposes, the 
photophysical properties of 5a and 5b23 (Figure 7.2) are included in the tables. 
One of the main purposes of evaluating the photophysical properties of these 
molecules was to evaluate the effect not only of the additional steric 
encumbrance resulting from the fluorenylene attachment but also the effect of 
Table 7.1. Select Hammett substituent constants for relevant functional groups in this study.
29
  
Substituent para 
NO2 0.78 
CF3 0.54 
Cl 0.23 
I 0.18 
H 0.00 
CH3 -0.17 
OCH3 -0.27 
OCH(CH3)2 -0.45 
N(CH3)2 -0.83 
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varying the donor or acceptor strength of the group opposite to the nitro group. 
There was also interest to evaluate any solvatochromic effects, so each molecule 
was characterized in four solvents with differing polarities (CH3CN, CH2Cl2, THF, 
and toluene).  
 For 2a – 2g, regardless of solvent, no observable trend was seen in max 
when the X group was varied between donor and acceptors; the change in max 
from 2d, the molecule where X = H, varied by ~5 – 10 nm. It was seen though 
that the most strongly electron donating group (X = OCH(CH3)2) caused the 
largest change in max (e.g. in THF max goes from 376 nm to 388 nm when X 
changes from H to OCH(CH3)2). In contrast, for 4a – 4h, a stronger trend 
emerged in the max values. Regardless of solvent, when electron donor strength 
increased, the max values were red-shifted compared to 4d (e.g. in CH2Cl2, max = 
390, 394, 402, 460 for X = OCH3, OCH(CH3)2, and N(CH3)2, respectively. This 
would be an expected trend due to the contributions of the electron-rich donor 
groups.  When comparing 2 to 4, it was found that the max for molecules 2a – 2g 
 
Figure 7.2. Symmetrically substituted fluorenylene and phenylene compounds with nitro 
groups. 
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were blue-shifted compared to 4a – 4g, which is attributable the twisting of the 
fluorenylne molecules out of planarity, which is due to the steric encumbrance of 
the molecule compared to less bulky DSB analogues. 
 To evaluate changes in em, we have to consider solvatochromic effects. 
Based on previous work,23 it was found that symmetrically substituted 
fluorenylene molecules had some response to changing solvent polarity. 
Solvatochromism is an effect manifest when a molecule’s photophysical behavior 
changes when the polarity of the solvent is altered. Figure 7.3, which shows the 
cuvettes of the same molecule dissolved in four different solvents under a 
handheld UV-lamp, demonstrates the solvatochromic effects observed in these 
molecules.  
 For molecules 2a – 2d, the consistent trend was that as the solvent 
polarity increased, the em red-shifted (e.g. for 2a, em = 487 nm in toluene and 
607 nm in CH3CN). This is due to the fact that in the excited state the dipole 
moment of the molecule increases, therefore a solvent with a larger dipole better 
 
 
Figure 7.3. 4b in CH3CN, CH2Cl2, THF, and CH3Ph (left to right) under a handheld UV-lamp. 
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Table 7.2. Select photophysical properties of fluorenylene molecules 2a – 2g.  
 
Solvent max em 
Stokes' Shift 
(nm) 
 CH3CN 391 591 0.06
a 
200 
5a CH2Cl2 393 564 0.24 171 
 THF 391 500 0.22 109 
 CH3Ph 380 465 0.06
a 
85 
2a CH3CN 370 607 0.11 237 
X = CF3 CH2Cl2 376 577 0.27 201 
 
THF 374 515 0.35 141 
 
CH3Ph 388 487 0.11 99 
2b CH3CN 369 610 0.04 241 
X = Cl CH2Cl2 373 590 0.20 217 
 
THF 377 532 0.38 155 
 
CH3Ph 388 491 0.16 103 
2c CH3CN 381 615 0.03 234 
X = I CH2Cl2 381 598 0.21 217 
 
THF 379 533 0.25 154 
 
CH3Ph 376 489 0.12 113 
2d CH3CN 376 606 0.02 230 
X = H CH2Cl2 385 594 0.16 209 
 
THF 376 526 0.21 145 
 
CH3Ph 373 486 0.12 113 
2e CH3CN 378 470 0.05 92 
X = CH3 CH2Cl2 385 469 0.15 84 
 
THF 382 543 0.43 161 
 
CH3Ph 390 499 0.54 109 
2f CH3CN 373 459 0.04 86 
X = OCH3 CH2Cl2 381 466 0.05 85 
 
THF 379 568 0.18 189 
 
CH3Ph
a
 394 530 0.47 136 
2g CH3CN 388 474 0.01 86 
X =  CH2Cl2 392 586 0.01 194 
OCH(CH3)2 THF 388 574 0.21 186 
 
CH3Ph 391 517 0.41 126 
 
a
 Poor solubility of the molecule in solvent. 
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Table 7.3. Photophysical characterization of reference molecules 4a – 4h.  
 
Solvent max em 
Stokes' Shift 
(nm) 
 CH3CN 397 577 0.32 180 
5b CH2Cl2 402 540 0.43 138 
 THF 400 488 0.13 88 
 CH3Ph 397 478 0.03 81 
4a CH3CN 380 584 0.08 204 
X = CF3 CH2Cl2 386 559 0.32 173 
 
THF 383 508 0.08 125 
 
CH3Ph 385 460 0.01 75 
4b CH3CN 383 620 0.02 237 
X = Cl CH2Cl2 388 587 0.04 199 
 
THF 387 520 0.29 133 
 
CH3Ph 392 483 0.02 91 
4c CH3CN 386 620 0.02 234 
X = I CH2Cl2 392 583 0.17 191 
 
THF 390 524 0.23 134 
 
CH3Ph 393 480 0.03 87 
4d CH3CN 382 622 0.01 240 
X = H CH2Cl2 390 588 0.14 198 
 
THF 388 634 0.29 246 
 
CH3Ph 390 479 0.04 89 
4e CH3CN 388 638 0.01 250 
X = CH3 CH2Cl2 394 611 0.05 217 
 
THF 392 541 0.34 149 
 
CH3Ph 396 491 0.35 95 
4f CH3CN 388 467 0.03 79 
X = OCH3 CH2Cl2 394 454 0.03 60 
 
THF 392 467/564 0.25 
 
 
CH3Ph
a
 388 500 0.18 112 
4g CH3CN 396 450 0.00 54 
X =  CH2Cl2 402 604 0.00 202 
OCH(CH3)2 THF 400 582 0.12 182 
 
CH3Ph 404 515 0.53 111 
4h CH3CN 392 438 0.03 46 
X =  CH2Cl2 460 588 0.01 128 
N(CH3)2 THF 426 541 0.02 115 
 
CH3Ph 430 594 0.20 164 
 
a
 Poor solubility of the molecule in solvent. 
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stabilizes the excited state, leading to a lowering of energy (red-shift).30,31 
Interestingly, with the molecules substituted with donor groups (i.e., 2e – 2g), the 
em blue-shifted as the solvent polarity increased from toluene to acetonitrile (e.g. 
for 2f, em = 530 nm and 474 nm in toluene and CH3CN, respectively). This is a 
phenomenon which is commonly termed “negative solvatochromism.”32 Negative 
solvatochromism in other molecules has been observed and can be explained by 
the fact that charge is transferred back to the donor on the molecule when it is 
excited.4,32 
 Molecules 4a – 4h exhibit similar behavior in em compared to the 
molecules in series 2. For 4a – 4e, the molecues with X = acceptor groups, or 
inductive donating groups, the em increases as the solvent polarity increases; 
this again can be explained by the stabilization of the increased dipole moment of 
the molecule in the excited state by the more polar solvents. As with 2g and 2f (X 
= OCH3, OCH(CH3)2), 4g – 4h (for 4h, X = N(CH3)2), exhibit behavior opposite 
the trend observed when X = acceptor groups. As solvent polarity increases, the 
em for these molecules shows a hypsochromic shift (e.g. for 4f, em = 500 nm and 
467 nm for toluene and acetonitrile, respectively), again attributable to charge in 
the molecule being transferred back to the donor in the excited state.  
DFT calculations 
 Figure 7.4 shows the ground state HOMO and LUMO distributions, 
respectively, for 2/4a – g calculated by density functional theory at the B3LYP-6-
31G* level. It can be seen that generally the localization for both series is on the 
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DSB unit, although for series 2, the HOMO is spread out onto the fluorenylene 
unit. As the X group increases in donor strength, the localization of the HOMO 
shifts more to the side of the DSB backbone to which the X group is attached. On 
the other hand, the LUMO is localized on the side of the DSB with the nitro  
 
HOMO
 
LUMO 
  
Figure 7.4. HOMO and LUMO orbitals obtained by DFT calculations (B3LYP-6-31G*) for 
compounds 2/4a – g. Hexyl groups were truncated to methyl groups to simplify calculations. 
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group, which is explained by the fact that the areas of occupation by the LUMO 
should have a greater ability to gain electrons. As the nitro group is the most 
electron withdrawing unit, these calculations are consistent.    
 
Conclusions 
  We have successfully synthesized a new series of molecules 
incorporating a 1,4-fluorenylene scaffold with varying D-A character. Additionally, 
new DSBs were synthesized that were analogous to the fluorenylene molecules 
in order to study the effect of the additional asymmetry introduced by the 
fluorene. It was found that both the DSB derivatives and analogous fluorenylene 
molecules exhibit solvatochromic behavior in the excited state. Further 
investigation of these molecules including electrochemical characterization and 
experiments to examine NLO behavior could show other interesting features of 
the 1,4-fluorenelyne scaffold molecules, making them useful for further 
applications. 
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Figure S7.1. Normalized absorbance spectra of asymmetrically substituted phenylene 
molecules 2a – 2g. 
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Figure S7.2. Normalized photoluminescence spectra of asymmetrically substituted 
phenylene molecules 2a – 2g. 
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Figure S7.3. Normalized absorbance spectra of asymmetrically substituted phenylene 
molecules 4a – 4h. 
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Figure S7.4. Normalized photoluminescence spectra of asymmetrically substituted 
phenylene molecules 4a – 4h. 
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Figure S7.5. Proton NMR spectrum of 2a (CDCl3, 300 MHz). 
*CDCl3 
*H2O 
*CDCl3 
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Figure S7.6. Proton NMR spectrum of 2b (CDCl3, 300 MHz). 
*CDCl3 *H2O 
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Figure S7.7. Proton NMR spectrum of 2c (CDCl3, 300 MHz). 
*CDCl3 *H2O 
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Figure S7.8. Proton NMR spectrum of 2d (CDCl3, 300 MHz). 
*CDCl3 
EtOH* 
*CDCl3 
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Figure S7.9. Proton NMR spectrum of 2e (CDCl3, 300 MHz). 
*CDCl3 
*H2O 
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Figure S7.10. Proton NMR spectrum of 2g (CDCl3, 300 MHz). 
*CDCl3 
*CDCl3 
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Figure S7.11. Proton NMR spectrum of 4a (CDCl3, 300 MHz). 
 
Figure S7.12. Carbon-13 NMR spectrum of 4a (CDCl3, 75 MHz). 
*CDCl3 
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Figure S7.13. Proton NMR spectrum of 4b (CDCl3, 300 MHz). 
 
Figure S7.14. Carbon-13 NMR spectrum of 4b (CDCl3, 75 MHz). 
*CDCl3 
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Figure S7.15. Proton NMR spectrum of 4c (THF-d8, 300 MHz). 
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Figure S7.16. Proton NMR spectrum of 4g (CDCl3, 300 MHz). 
*CDCl3 
*H2O 
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Figure S7.17. Carbon-13 NMR spectrum of 4g (CDCl3, 75 MHz). 
 
Figure S7.18. Proton NMR spectrum of 4d (CDCl3, 300 MHz). 
*CDCl3 
*CDCl3 
*CDCl3 
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Figure S7.19. Proton NMR spectrum of 4e (CDCl3, 300 MHz). 
 
Figure S7.20. Proton NMR spectrum of 4h (CDCl3, 300 MHz). Shown is the protonated form 
of the molecule (trifluoroacetic acid was used due to solubility issues of the non-protonated 
form). 
*CDCl3 
*CDCl3 
*CH2Cl
2 
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CHAPTER EIGHT 
 
SUMMARY AND OUTLOOK 
  
The focus of this research was two-fold: to synthesize and characterize 
new chromophores and polymers that would be potential candidates for materials 
in optoelectronic and photonic applications and to develop new protocol for 
synthesis of target molecules, namely with lower incidence of defects. 
The fluorene structure is unique in that it can be substituted at the C-9; in 
this research, hexyl chains were chosen, which prevented aggregation in 
copolymers containing the fluorenylene (Ch 2-3), and allowed for specific 
reactivity in small molecule synthesis (Ch 6). Chapters 5 and 7 described the 
synthesis and characterization of chromophores based on the same 1,4- 
fluorenylene structure that exhibited interesting photophysical and 
electrochemical properties. 
Chapters 4 and 6 described the development and investigation of new 
routes to polymers and aromatic chromophores, respectively. In the case of the 
polymer synthesis, the new route showed promise of lowering the incidence of 
common defects that are found in the same polymers made via other routes, 
while for the chromophore synthesis, a new route was devised to allow for 
asymmetric substitution on aromatic compounds. 
 This research has provided valuable insight and information into 
conjugated systems that use a 1,4-fluorenylene group. Based on this research, 
more investigation of this scaffold in conjugated materials could yield fruitful 
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results for application. As current work has shown, block copolymers employing 
fluorenylene and other types of conjugated systems leads to interesting 
photophysical and electrochemical properties. Additional tuning of such 
properties could lead to other potential materials that could be used in OLEDs, 
PV cells, etc. Chromophores that incorporated a 1,4-fluorenylene unit also were 
found to have properties that would potentially make them useful for applications; 
with the D-A-type molecules designed, testing for NLO behavior could give enen 
more insight into the advantages of using a fluorenylene for NLO materials. 
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